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Abstract 
In recent years there has been a drive to study the catalytic dehydrocoupling of various 
protic and hydridic partners that contain E–H bonds (E = C, N, P, B, Si, Sn). This is in part due 
to the high atom-efficiency of these reactions as well as their ability to release dihydrogen in 
a controlled and potentially reversible manner. Transition metal complexes have historically 
been employed as catalysts for these reactions. Nevertheless, in recent years there has 
been growing interest in using complexes of the rare earth and main group metals to the 
same end. For these redox reluctant metals, the lack of multiple stable oxidation states 
makes -bond metathesis the predominant mechanistic step. This contrasts with the 
common two-electron and one-electron pathways often observed for transition metals. A 
diverse selection of mechanistic pathways have emerged with complementary activities and 
selectivities often reported for transition metal and non-transition metal systems. This 
thesis describes the activation of various E–H (E = C, Si, N, Al, Zn) bonds by do and d10 metal 
centres in both catalytic and stoichiometric regimes. 
The [Y{N(SiMe3)2}3] catalysed C–H silylation of triphenylphosphonium methylide with 
phenylsilane to give Ph3PCHSiH2Ph is reported. This is the first known example of C–H 
silylation of an ylide, and was found to be highly dependent on the nature of the pre-
catalyst. Whilst exploring the reaction chemistry of the same yttrium complex, the first 
known example of the catalytic dehydrocoupling of Al–H/N–H bonds was discovered. This 
latter reaction offers a new synthetic route to form Al–N -bonds from sterically hindered 
alane and amine partners.  The yttrium mediated dehydrocoupling of Si–H/N–H bonds is 
also documented with an emphasis on the potential for ligand acceleration of catalysis by a 
cyclometalated phosphonium ylide complex. As part of these studies, the synthesis of a 
series of structurally diverse aluminium hydride complexes is discussed. These complexes 
were not only investigated in the aforementioned dehydrocoupling reaction, but also as 
ligands for transition metals in their own right. The coordination of both Al–H and related 
Zn–H -bonds to copper(I) was observed in both solution and the solid state and this 
interaction was characterised by a number of spectroscopic techniques.  
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2. Thesis Outline 
Metal catalysed bond breaking and bond forming processes are ubiquitous in 
chemical transformations. No section of the periodic table has been used more so than that 
of the late transition metals. Examples such as palladium catalysed cross couplings1, 
ruthenium catalysed olefin metathesis2, and hydrogenation by both homo- and 
heterogeneous catalysts3 are now indispensable methods used daily in organic chemistry 
laboratories. Mid to late transition metal catalysts have also played a large role in the 
industrialisation of society, being used in large-scale global productions of essential 
chemicals by processes such as the Haber process, steam reforming4 and the Fischer–
Tropsch process.5 More recently there has been a drive to use the more abundant main 
group and rare-earth metals as catalysts. This is due not only to their lower costs and 
greater sustainability, but also due to their contrasting reactivities and mechanisms of 
catalysis.  
The chemistry of the rare-earth metals is dictated by the +3 oxidation state, with one 
electron redox couples being common for only a few elements (for example, Sm2+/Sm3+, 
Yb2+/Yb3+, Eu2+/Eu3+ and Ce3+/Ce4+ ). In addition, the contracted nature of the 4f-orbitals 
results in highly ionic bonding between metals and their ligands. Therefore it is highly 
unlikely that the redox-based mechanisms commonly observed for late transition metal 
bond activation catalysts are active in d0 metal systems.6 Instead, reactivity is dictated by 
polarisation effects and both experimental observations and computational calculations 
support (i) σ-bond metathesis and (ii) the insertion of unsaturated substrates into Ln–X 
bonds as being common key mechanistic steps 7, 8, 9  1,2-Addition of C–H bonds across metal 
alkylidines and imido moieties has also been implicated in the mechanism of some 
systems.10 Both the σ-bond metathesis and 1,2-addition mechanisms give rise to a highly 
ordered 4-centred cyclic transition state (Scheme 1.1).  
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Scheme 1.1 E–H activation by σ-bond metathesis (a, above) and 1,2-addition (b, below)  
This thesis sets out to examine the role of d10 and d0 metal centres in E–H (E = C, Si, 
N, Al, Zn) bond activation. The first three chapters focus on dehydrocoupling of substrates 
with yttrium based catalysts, both with [Y{N(SiMe3)2}3] and 3, a cyclometallated 
phosphonium ylide adduct of yttrium. The final research chapter examines the coordination 
of E–H (E = Al, Zn) bonds to Cu(I) forming -complexes which are regarded as important 
intermediates in a number of E–H bond activation processes. Individual detailed 
introductions are given at the start of each chapter.  
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2. Rare-Earth Catalysed Dehydrocoupling of Triphenylphosphonium 
Methylide With Phenylsilane 
2.1 Introduction   
Gaining significant interest in the late 1970’s, late transition metal mediated C–H 
activation has been very active field in catalysis.11, 12 However d0fn metal based systems have 
received significantly less attention than their late transition metal counterparts.13-22 The 
study of Zeigler-Natta olefin polymerisation catalysts in the early 1980’s led Patricia Watson 
to the synthesis of [Cp*2LuMe], a highly reactive organometallic complex that was found to 
activate the sp2 C–H bonds of benzene, pyridine and triphenylphosphonium methylide as 
well as the sp3 C–H bond of SiMe4.
23 In 1983, Watson demonstrated, using an exquisite 
exchange reaction of [Cp*2LuMe] with 
13CH4, that even methane would undergo C–H 
activation with this complex under relatively mild conditions (70 oC) (equation 1).24 The 
reaction was monitored by 1H NMR spectroscopy with the experiment showing a decrease 
in intensity of the resonances attributed to [Cp*2Lu
12CH3], with a corresponding increase in 
intensity in the resonances assigned to [Cp*2Lu
13CH3], most notably the 
13C satellite signals 
of the methyl group  (1J13C- 1H  = 117.5 Hz).25 
 
Whilst hydroaminoalkylation has been a topic of interest since the Hartwig group  
showed that d0 homoleptic dialkylamido complexes of group 4 and 5 metals could catalyse 
the -alkylation of N-methylaniline by terminal alkenes,26 this topic is beyond the scope of 
this review.27, 28  
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2.1.1 Stoichiometric C–H Activation with d0 and d0fn Organometallics 
2.1.1.1 C–H Activation of Unactivated Hydrocarbons  
Following Watson’s work on [Cp*2LuMe], [Cp*2ScMe] was found to activate methane 
at a rate 50 times slower than its lutetium analogue and 250 times slower than its yttrium 
analogue.29 Synthesis of the light sensitive complex [Cp*2Sc(CH2CMe3)] from [Cp*2ScCl] and 
the corresponding alkyl lithium reagent was reported by Tilley and co-workers.30 This 
complex rapidly and selectively activated the C–H bonds of methane, even within d6-
benzene solvent (t1/2 = 305 min), and also reacted with cyclopropane in d12-cyclohexane, 
albeit at a much slower rate (t1/2 ~ 1 day). These data contrast to those collected for 
[Cp*2Sc(-H)]2, which undergoes C–H exchange with cyclopropane at a similar rate to both 
methane and tetramethylsilane (vide infra).29  
Organothorium complexes have also been shown to mediate C–H activation 
processes. In 1982, Marks and co-workers showed that thermolysis of [Cp*2Th{CH2C(CH3)3}2] 
gave the corresponding thoracyclobutane and one equivalent of neopentane (Scheme 
2.1).31 Deuteration of the α-C–H bonds on the thorium alkyl groups showed that one of the 
α-carbons was found in the neopentane molecule produced by thermolysis. An equivalent 
reaction for [Cp*2Th{SiH2C(CH3)3}2] was also observed. These thoracycles not only activate 
benzene, but also the C–H bonds of tetramethylsilane and methane, giving the 
corresponding thorium dialkyl species.32 The thoracyclobutane reacts stoichiometrically with 
both ethene and propene via an insetion reaction to form the corresponding 
thoracyclohexanes, with the propene-derived complex having the greater thermal 
stability.33  
 
Scheme 2.1 Thermolysis of [Cp*2Th{CD2C(CH3)3}2] 
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2.1.1.2 Directing Group Assisted C–H Activation 
A year after Watson published her studies into methane activation by [Cp*2LuMe], 
Bercaw and Johnson showed that [Cp*2Sc(-H)]2 would metalate the 2-position of pyridine. 
Treatment of the resulting cyclometalated complex [Cp*2Sc(
-NC5H4)] with either D2 gas or 
d5-pyridine was reported to liberate 2-d1-pyridine.
34 In related studies, Teuben and co-
workers found that [Cp*2Y{CH(SiMe3)2}] could also metalate pyridine in the 2-position, and 
due to the steric bulk of the CH(SiMe3)2 ligand this reaction was slow enough to observe the 
adduct [Cp*2Y{CH(SiMe3)2}NC5H5] by 
1H NMR spectroscopy.35,36 Similarly, reaction of 
[Cp*2Y{CH(SiMe3)2}] with Ph3PCH2
 in pentane gave [Cp*2Y(
2-o-C6H4PPh2CH2)] in 51 % 
isolated yield following stirring overnight at room temperature and recrystallisation from 
hot toluene.37  In 2008, the Diaconescu group reported that complexes of the formula 
 [(2-NNfc)Sc(CH2Ar)(THF)] reacted with 2-phenylpyridine to give a 2-metalated pyridyl 
intermediate (Scheme 2.2). Insertion of a second equivalent of 2-phenylpyridine into the M–
C bond of the resulting complex gave a product containing two C–C coupled pyridine rings.38 
Reaction of [(2-NNfc)Sc(CH2Ar)(THF)] with three equivalents of 1-methylimidazole gave the 
ring opened C–C coupled product shown below. The latter reaction was also mediated by 
the yttrium analogue, albeit at a slower rate. [(2-NNAd)Lu(CH2Ar)(THF)2] and  
[(2-NNfc)Lu(CH2Ar)(THF)2] were also reported to have very similar reactivities towards the 
coupling of heterocycles.39 
 
Scheme 2.2 Reaction of [(NN
fc
)Sc(CH2Ar)(THF)] with N-aromatic heterocycles 
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 This coupling reaction was shown to be general for aromatic N-heterocycles that had 
only one ortho C–H bond.40 The 2-metalated heterocycles could also be reacted with 
ethene, 2-butyne and 1,3-butadiene to give the corresponding insertion products.41  When a 
substrate such as isoquinoline was used, nucleophilic attack of the benzyl group on the 2-
position of the aromatic ring was observed.42 Complexes of the type  
[(2-NNpy)Ln(CH2Ph)(THF)] (Ln = Lu, Y)  gave similar C–C coupling and alkyl migration 
reactions as seen above, except when acridine was used as a substrate, with Ln = Y giving 
transfer of the benzyl group to the 9-position of the heterocycle, but with Ln = Lu giving C–H 
activation of the 4-position on the aromatic ring (Scheme 2.3).43 
 
Scheme 2.3 Differing reactivities of yttrium and lutetium complexes 
In search for more flexible d0 based polymerization catalysts, Okuda and co-workers 
reported the synthesis of the half-sandwich yttrium alkyl complex shown below (Figure 
2.1).44 Two years later, the yttrium alkyl complex was shown to react with aromatic ethers 
such as anisole and phenetole to give ortho-metalated products.45 When 2-methylanisole 
was the substrate, ortho-metalation was not observed as in this case one of the sp3 C–H 
bonds  undergoes C–H activation. 
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Figure 2.1 Okuda’s half sandwich yttrium alkyl precatalyst 
Following their studies on yttrium-based hydosilylation catalysts,46 the Tilley group 
investigated aspects of lanthanide mediated -bond metathesis of Si–H and Si–C bonds. 
Reaction of [Cp*2Sm(H)]2 with two equivalents of PhSiH3 gave [Cp*2Sm(SiH3)]3, along 
with the redistribution products SiH4 (0.5 equivalents), Ph2SiH2 (0.5 equivalents) and 
benzene (one equivalent).47 This tri-samarium cluster could then lose another equivalent of 
SiH4 in the presence of Ph3PO to give the corresponding ortho-metalated 
triphenylphosponium oxide complex. Similar observations were made by the Buchwald 
group who reported that [Cp*2Sm(H)]2 reacted with aromatic imines, as well as 2-phenyl-
1-pyrroline, to give ortho-C–H activation products, rather than the expected amides 
resulting from imine reduction (Scheme 2.4).48  
 
Scheme 2.4 Reaction of [Cp*2Sm-H)]2 with aromatic iminies 
Early transition metal d0 complexes have also been found to undergo C–H 
functionalisation reactions.49 In 1987, Jordan and co-workers showed that the cationic 
complex [Cp2ZrMe(THF)][BPh4] would undergo hydrogenolysis with H2 to form 
[Cp2ZrH(THF)][BPh4].
50 In 1990 the group reported that a variety of nitrogen containing 
heterocycles, including 2,5-dimethylpyrazine, would also undergo stoichiometric C–H 
activation with [Cp2ZrMe(THF)][BPh4] to give ortho-metalated products (Scheme 2.5).
51, 52 
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When 2-phenylpyridine was used as a substrate, no C–H activation of the phenyl ring was 
observed.  
 
Scheme 2.5 Ortho-metalation of 2,5-dimethylpyarzine with [Cp2ZrMe(THF)][BPh4] 
 When the ortho-position on the N-containing ring did not contain a C–H bond, such 
as acridine and phenazine, an equivalent local C–H bond was activated (Scheme 2.6). 
 
Scheme 2.6 C–H activation of acridine with [Cp2ZrMe(THF)][BPh4]  
2,6-Lutidine53 and 2,6-diethylpyridine54 also undergo C–H activation, but as no α-
hydrogens are present, metalation of the methyl sp3-position occurs (Scheme 2.7). These 4-
membered metalacycles undergo insertion reactions with a number of different 
functionalities including olefins and ketones. Reaction of [Cp2ZrMe(THF)][BPh4] with N-
methylimidazole and 4,4’-dimethylbipyridine gave stable coordination complexes which 
showed no sign of C–H activation. Insertion of acetontirile into Zr–C bonds occurs with 
[Cp2ZrR(THF)][BPh4] (R = H, Ph, Me) complexes and replacement of the C5H5 rings to C5H4Me 
ligands increases the rate of this reaction by a factor of three.55 When the zirconium pyridyl 
complexes were reacted with a series of olefins (H2C=CHR), the expected 1,2-insertion 
products were found for those alkenes with α-electron-donating groups (R = alkyl, CH2OR 
and CH2SiMe3). However, when R referred to an electron-withdrawing group (R = phenyl, 
pyridyl and trimethylsilane), then the 2,1-insertion products were seen.56 
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Scheme 2.7 C–H activation of an sp
3
-hybridised carbon centre of 2,6-lutidine with [Cp2ZrMe(THF)][BPh4] 
2.1.2 Catalytic C–H Functionalisation with d0 and d0fn Organometallics  
2.1.2.1 Catalytic C–H functionalisation of Unactivated Hydrocarbons  
In 2003, the Tilley group demonstrated the catalytic activation of methane and 
subsequent dehydrocoupling with diphenylsilane. Two related precatalysts can catalyse the 
reaction; both are proposed to operate by a mechanism that proceeds by solely-bond 
metathesis steps. Hence the reaction of CH4 with diphenylsilane catalysed by  [Cp*2ScMe] 
gave the slow formation of five equivalents of MeSiHPh2 at high pressures of methane 
(equation 2).57, 58  
 
Based on these results and their studies into the stoichiometric reaction chemistry of 
[Cp*2Sc(CH2CMe3)], the team were able to demonstrate catalytic coupling of propene and 
methane by [Cp*2ScMe] (equation 3). Interestingly, [Cp*2ScH] was not seen in the reaction 
mixture so the following catalytic cycle was proposed (Scheme 2.8). 
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Scheme 2.8 Proposed catalytic cycle for the coupling of propane and methane 
The addition of methane to a number of other alkenes and alkynes was not seen for 
this catalyst, which led to the development of the ansa-bridged analogue 
[{Me2Si(C5Me4)2}ScMe] in an attempt to expand the substrate scope (Figure 2.2).
59  
 
Figure 2.2 [{Me2Si(C5Me4)2}ScMe] 
Although this complex activates methane two orders of magnitude faster than 
[Cp*2ScMe], the catalytic coupling of propene and methane does not occur, as the rate of β-
H elimination from the isobutyl intermediate is faster in this system. When isobutylene was 
used as a substrate, neopentane was formed as the only organic product observed during 
the catalytic reaction with methane. This conversion was catalytic with a maximum turn-
over number (TON) of 3.2 recorded for the reaction at 60 oC over 25 days. Reaction with 
13CH4 showed that β-methyl elimination of the inserted isobutylene product is a rapid 
reaction that inhibits catalysis. This step can be considered the microscopic reverse of 
alkene insertion into the Sc–Me bond. 
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2.1.2.2 Directing Group Assisted Catalytic C–H Functionalisation 
Studies into the reaction chemistry of [Cp*2Y(
-NC5H4)] showed that pyridine, 
alkenes and alkynes could react with the Y–C bond to give solely monosubstituted pyridine 
products, and in the case of ethene the reaction was found to be catalytic.60   Reaction of 
[Cp*2La(-H)]2 with thiophene gives the cyclometallated analogue of the aforementioned 
pyridine complex.61 This intermediate also inserts ethene, but in this case polymerisation is 
seen to form thiophene-capped polyethylene (Scheme 2.9).  
 
Scheme 2.9 Synthesis of thiophene-capped polyethylene by C–H activation 
[Cp2ZrMe(THF)][BPh4] acts as a catalyst for the coupling of ethylene, 1-butene or 
propene with α-picoline (TOF at 23 oC = 1-2 h-1, TON > 40).62 It is possible to carry out these 
insertion reactions asymmetrically to an extent, as coupling 1-hexene with α-picoline in the 
presence of a C2-symmetric zirconium EBTHI
63 catalyst gives a 58 % ee, but at the expense of 
lowering catalytic activity by an order of magnitude (TOF at 50 oC = 0.1h-1, TON = 6.2) (Figure 
2.3a).64 The reaction of two equivalents of propene with pyridine in the presence of a 
zirconium EBI catalyst (Figure 2.3b) gave high diastereoselectivites (de = 80-96 %) when the 
pyridine molecule was 2-subsituted. Pyridines with R2 = H showed only 10 % de.65  
 
Figure 2.3 A C2-symmetric zirconium EBTHI (a, left) and EBI catalyst (b, right) 
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Inspired by Okuda’s half-sandwich precatalyst (vide supra), the Hou group 
demonstrated that the scandium alkyl, shown below, can be used as a precatalyst in the 
dehydrocoupling of silanes with a wide variety of anisole derivatives (Scheme 2.10).66  
 
Scheme 2.10 Dehydrocoupling of anisole derivatives and phenylsilane 
Substrates that already contain one ortho substituent, such as 2-methylanisole, 
however, did not react with PhSiH3, and neither did 2,3-dihydrobenzofuran. It is also 
interesting to note that the lutetium and yttrium analogues of the Okuda catalyst did not 
catalyse the dehydrocoupling reaction, whilst the scandium analogue only gave moderate 
activity. The reaction is selective, with no evidence seen for the double addition of silane to 
the studied anisoles. More recently the group has managed to develop this chemistry 
significantly by removing the anionic pendant arm on the catalyst and replacing it with 
another equivalent of cyclometallated amine (Figure 2.4).67 When the yttrium analogue is 
used in the presence of catalytic amounts of [Ph3C][B(C6F5)4], the above reaction can now be 
expanded to give C–H alkylation of anisoles using a variety of alkenes. In contrast to the 
silylation chemistry, when 2-methylanisole was used, alkylation of the ortho-methyl group 
was observed. 
 
Figure 2.4 Rare-earth half sandwich dialkyl complex 
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 This chemistry is also successful for the alkylation of sp2 and sp3 C–H bonds of 
pyridines with olefins, allowing the coupling of a wide variety of alkenes and N-
heteroaromatics.68,69 Stoichiometric studies between the yttrium dialkyl complex, 
[Ph3C][B(C6F5)4] and 2,6-lutidine allowed the isolation of the cationic cyclometallated 
lutidine adduct, whilst the same reaction with [Et3NH][BPh4] allowed the isolation of crystals 
suitable for X-ray crystallography (Scheme 2.11). This reaction is high yielding (87 %) and the 
product catalyses the coupling of 2,6-lutidine to norbornene.  
 
Scheme 2.11 Cationic cyclometallated 2,6-lutidine adduct of yttrium 
More recently, the Hou group have replaced the Cp* group for C2-symmetric binapthyl 
substituted rings.70 Whilst the chiral Sc, Y and Gd complexes were synthesised only the 
group 3 complexes were catalysts for the asymmetric C–H addition of pyridines to olefins 
(Scheme 2.12).  Reactions generally proceed in high yields (63 – 98 %) and with high ee (77 – 
96 %) for a number of different pyridines and alkyl-substituted olefins, though no reaction is 
seen for unsubstituted pyridine.  
 
Scheme 2.12 Dehydrocoupling of anisole derivatives and various silanes 
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2.2 Results and Discussion 
2.2.1 Synthesis of Phosphonium Methylide Adducts of [Y(N{SiMe3}2)x] 
 Previously the group showed that [Y{N(SiMe3)2}3] reacts cleanly with the 
phosphonium salt [Ph3PMe]I to give a metal coordinated ylide 2.1 (Scheme 2.14).
71 This 
complex reacts with benzophenone to give the metal coordinated betaine, which in the 
presence of stoichiometric triphenylphosphine oxide is competent for Wittig-olefination 
forming 1,1-diphenylethylene. 
 
Scheme 2.13 Synthesis of 1 and subsequent reactivity with benzophenone. 
The sterically bulky bis(trimethylsilyl)amide ligand has been used since the early 
1960’s to prepare d0 metal complexes with low coordination numbers.72-74 Whilst group one 
amides are readily available via deprotonation of HN(SiMe3)2 with the appropriate metal 
hydride, the group two and three analogues can be readily accessed by salt metathesis of 
the anhydrous metal halide with [KN(SiMe3)2].
72, 75 
Reaction of [Y{N(SiMe3)2}3] with Ph3PCH2 in C6D6 is rapid at room temperature with a 
new species seen by both 1H and 31P{1H} NMR within 10 minutes. Scale up of this reaction in 
diethyl ether and recrystallisation from n-hexane allowed isolation of the pure ylide adduct 
2a as yellow crystals (Scheme 2.14).  
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Scheme 2.14 Synthesis of 2a 
In the 1H NMR spectrum, the methylene protons can be seen as a broad doublet ( 
1.23 ppm, 2J31P-1H = 13.6 Hz) due to coupling to the 31P and 89Y nuclei, though the coupling 
from the latter nucleus could not be resolved. This doublet integrates 2:54 with the –
({N(SiMe3)2}3) environment observed at  0.38 ppm. In the 
13C{1H}  NMR spectrum, the 
signal for the methylene carbon is weak and broad but can be seen at  +8.4 ppm and was 
confirmed using HSQC experiments. This resonance is shifted significantly downfield from 
that in Ph3PCH2 ( -4.2ppm). A single broad resonance is seen by 
31P{1H} NMR at  +30.5 
ppm, 9.9 ppm upfield from free ylide ( +20.6 ppm).  Cooling of 39 mM C7D8 solution of 2a 
causes this phosphorus resonance to sharpen, and at -40 oC coupling to the 89Y nucleus can 
be resolved (2J31P-89Y = 8.2Hz) (Figure 2.5). Upon further cooling from -50 oC to -80 oC, free 
Ph3PCH2 becomes visible. These data support reversible adduct formation. An estimation of 
the equilibrium constant can be made by assuming that the most upfield shift across the 
studied temperature range corresponds to the chemical shift of pure 2a. Then Keq = (B – 
)/( – A), where B is the chemical shift of the product (+33.4ppm), A is the chemical shift 
of the starting material (+20.7ppm) and  is the observed chemical shift at a given 
temperature. This method gives a Keq of 30.7 at 273 K. Van’t Hoff analysis of the sample 
between 273 K and 353 K gave Ho = -8.38(7) kcal mol-1 and So = -23.96(2) cal K-1 mol-1, 
which corresponds to a G298K of -1.08(3) kcal mol
-1. These data suggest that the binding is 
fairly weak, possibly a result of the steric demands of the three –N(SiMe3)2 groups around 
the yttrium centre. 
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Figure 2.5 Variable temperature 
31
P{
1
H} NMR on a 39 mM C7D8  solution of 2a between 193 K and 353 K 
 When the sample was heated above 70 oC a new resonance was observed which is 
also a doublet ( +28.3, 1J89Y-31P = 11.2Hz). This peak corresponds to a poorly characterised 
cyclometallated ylide complex previously observed by the group as a minor (~5 %) 
byproduct in the synthesis of 1. Continued heating of 2a at 80 oC gave 3 as one pure product 
as evidenced by 31P {1H} NMR spectroscopy after just three hours.  
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Graph 2.1 Van’t Hoff analysis on a 39 mM C7D8 solution of 2a between 273K and 353 K 
Upon scale-up in toluene, isolation of 3 in appreciable yield was hampered by its 
high solubility in non-polar solvents. A small amount of an unidentified colourless side 
product is formed during the reaction, but analytically pure samples of 3 can be obtained by 
cooling the slightly cloudy n-hexane solution to -20 oC for two hours before filtering through 
a glass frit. X-ray quality crystals were grown from n-hexane at room temperature in a 33 % 
yield but a yield of 76 % was obtained by placing a highly concentrated n-hexane solution of 
3 at -78 oC for four hours.  Schumann has previously shown that reaction of 
[Cp*2LuCH2PPh3]Cl with NaH gives Watson’s cyclometalated phosphonium methylide 
complex, [Cp*2Lu(
2-o-C6H4PPh2CH2)].
76 Complex 3 could also be formed via deprotonation 
of [Ph3PMe]I with [KN(SiMe3)2] in the presence of [Y{N(SiMe3)2}3] (Scheme 2.15). This 
reaction proceeds under the same conditions seen for the first method, liberating an extra 
equivalent of hexamethyldisilazane and one equivalent of potassium iodide which can be 
removed by filtration following extraction of the product into n-hexane.   
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Scheme 2.15 Synthesis of 3 by method A (above) and method B (below). 
The 1H NMR spectra of 3 shows a characteristic doublet of doublets at  1.11ppm 
(2H, 2J1H-31P = 14.0Hz, 2J1H-89Y = 2.4Hz) corresponding to the methylene protons which couple to 
both the 31P and 89Y nuclei. The assignment of the coupling constants was confirmed by 
1H{31P} NMR spectroscopy. Fourteen aromatic protons are seen with a strongly deshielded 
doublet observed at 8.29ppm (1H, 3J1H-1H = 7.2Hz) which corresponds to the proton 
adjacent to phosphorus on the cyclometalated ring as evidenced by HSQC, HMBC and COSY 
NMR experiments. The 31P{1H} NMR spectrum shows a doublet at  +28.3ppm (1J31P-89Y = 
11.2Hz), which is downfield from the free ylide but upfield from both 1 ( +30.9ppm) and 2a 
( +30.8ppm).71 Two resonances in the 13C{1H} NMR spectrum are assigned to nuclei directly 
attached to the yttrium centre. The methylene carbon is observed as a doublet of doublets 
at  15.56ppm (1J31P-13C = 1J89Y-13C = 23.6Hz), upfield from 2a and from [Cp*2Y(
2-o-
C6H4PPh2CH2)] (d8-THF 4.12ppm
The aromatic carbon which is bonded to the yttrium 
centre is visible at  195.88ppm (1J31P-13C = 1J89Y-13C = 23.6Hz), again as a doublet of doublets. 
This value contrasts to the value reported by Schumann and co-workers for [Cp*2Lu(
2-o-
C6H4PPh2CH2)] ( 133.1ppm), but is similar to other Y–Caromatic resonances including that of 
[Cp*2Y(
2-o-C6H4PPh2CH2)] (d8-THF  208.00ppm).
37,77,78 In combination these data bring 
into question Schumann’s assignment.  
X-ray crystallography of both 2a and 3 confirmed the structures as drawn above 
(Figure 2.6). Compound 3 shows bond lengths and angles that are consistent with [Cp*2Y(
2-
o-C6H4PPh2CH2)] (Table 2.1). In both cyclometalated compounds the Y–Cmethylide bond is 
longer than that of 1. The Y–Cmethylide bond is also much longer in 2a than in 1, possibly due 
to the increased steric demands of {N(SiMe3)2}3 compared to an iodide ligand. Both 3 and 
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[Cp*2Y(
2-o-C6H4PPh2CH2)] have a much smaller P–Cmethylide–Y angle than both 1 and 2a due 
to the constraints of the five membered ring. It is noteworthy that despite the same P–
Cmethylide bond length in both 3 (1.7373(19)Å) and [Cp*2Y(
2-o-C6H4PPh2CH2)] (1.737(3)Å), 3 
has significantly shorter Y–Cmethylide (2.4835(17)Å) and Y–Caromatic (2.4346(18)Å) distances 
than the Cp* analogue. 
 
Figure 2.6 The crystal structures of 2a (left) and 3 (right). Selected bond lengths and angles can be 
found in Table 2.1 
Bond/angle 1 2a 3 [Cp*2Y(
2-o-C6H4PPh2CH2)]
37
 
Y–Caromatic N/A N/A 2.4346(18) 2.452(3) 
Y–Cmethylide 2.460(6) 2.554(3) 2.4835(17) 2.563(3) 
P–Cmethylide 1.728(6) 1.739(3) 1.7373(19) 1.737(3) 
P–Cmethylide–Y 138.8(3) 143.27(15) 107.17(8) 109.9(1) 
Cmethylide–Y–Caromatic N/A N/A 78.80(6) 77.1(2) 
Table 2.1 A comparison of key bond lengths (Å) and angles (
o
) of 1, 2a, 3 and [Cp*2Y(
2
-o-C6H4PPh2CH2)] 
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2.2.2 Dehydrocoupling of Phenylsilane with Triphenylphosphonium 
Methylide 
 To investigate the reactivity of 3 it was formed in situ via method B (Scheme 2.15), 
and exposed to a variety of substrates. Reactions were conducted in C6D6 and monitored by 
1H and 31P{1H} NMR spectroscopy. Whilst no reaction was observed between 3 and 
stoichiometric quantities of 1-hexene, styrene, diphenylacetylene or diethylacetylene at 25 
oC or after heating for 24 hours at 80 oC, when diphenylsilane was used as a substrate, an 
unexpected side reaction occurred between the silane and hexamethyldisilazane. 
Effervescence was observed during the course of the reaction, which was shown by 1H NMR 
spectroscopy to correspond to the evolution of hydrogen gas ( 4.47ppm). The product was 
identified as Ph2SiHN(SiMe3)2 by comparison to literature data.
79 This stoichiometric 
reaction gave 99 % conversion after heating at 60 oC for 24 hours. Although it was not 
possible to render this reaction catalytic, many other amines were found to couple to 
various silanes with just 5 mol% of 3 (Chapter 3). As part of the investigations into the role 
of cyclometalation on the rate of amine-silane dehydrocoupling, di-iso-propylamine and 
phenylsilane were reacted in the presence of 5 mol% of both [Y{N(SiMe3)2}3] and Ph3PCH2. 
After one hour at 25 oC, no coupling between the amine and the silane was observed, but 
instead the novel product Ph3PCHSiH2Ph (4) was formed, giving complete conversion of the 
ylide. When 20 mol% of [Y{N(SiMe3)2}3] was used as a catalyst for the coupling of Ph3PCH2 
with phenylsilane, the reaction was complete within an hour at 25 oC, giving an 88 % yield of 
4 (Scheme 2.16). Three minor phosphine by-products were also identified, including Ph3P, 
Ph2PMe and the silylated phosphine, Ph2PCH2SiH2Ph (5).
80  
 
Scheme 2.16 Synthesis of 4
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The 1H NMR spectrum of an isolated sample of 4 in C6D6 shows an upfield shift in the 
new methine proton to give a doublet of triplets at  0.56ppm (1H. 2J1H-31P = 7.0Hz, 3J1H-1H = 
4.5Hz). The silane protons appear significantly downfield from PhSiH3 (4.22ppm) at  
5.24ppm as a doublet of doublets (2H, 3J1H-31P = 9.0Hz, 3J1H-1H = 4.5Hz). 13C{1H} NMR shows an 
upfield shift for the methine carbon, from  -4.24ppm (Ph3PCH2) to  -8.55ppm (4) however 
the 31P{1H} singlet is deshielded compared to Ph3PCH2 (+22.0ppm) and is visible at  
+23.8ppm, which is similar to the value reported for Ph3PCHSiMe3 (d8-THF, +21.9ppm).
81 
The 29Si NMR spectrum shows a resonance at -41.5ppm (d, 2J31P-29Si = 15 Hz) which is in stark 
contrast to Ph3PCHSiMe3 (d8-THF +8.9ppm 
2J31P-29Si = 17 Hz).81 X-ray crystallography 
confirmed the structure of 4 (Figure 2.7). The compound crystallised with four independent 
molecules in the asymmetric unit with one molecule displaying disorder in the Si–Ph moiety.  
The P–C bond length of 4 (1.672(2) – 1.6790(19)Å) is longer than that reported for Ph3PCH2 
(ave. 1.661Å),82 but shorter than that of Ph3PCHBz (1.6993(5)Å).
83 The Si–Cmethine bond 
(1.796(2) – 1.804(2)Å and 1.851(3)Å for the molecule with the distorted  
Si–Ph group) is significantly shorter than the Si–Caromatic bond (1.8786(19) – 1.885(2)Å).  
 
Figure 2.7 The crystal structure of 4. Selected bond lengths (Å) and angles (
o
) for one of four molecules 
in the asymmetric unit, P(1A)–C(2A) 1.6771(19), C(2A)–Si(3A)1.797(2), P(1A)–C(2A)–Si(3A) 127.79(12) 
Complex 3 was shown to be an active catalyst for the dehydrocoupling, with a 20 
mol% catalyst loading of 3 giving 81 % conversion of Ph3PCH2 to 4 within an hour at 25 
oC 
(Table 2.2). Once all Ph3PCH2 is consumed in the reaction, 3 is still visible by 
1H and 31P{1H} 
NMR despite the presence of excess silane. When a C6D6 solution of Ph3PCH2 is exposed to 
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phenylsilane, there is a minor background reaction to give 4, Ph3P, Ph2PMe and 5 as the 
main products of this reaction with a 12 % consumption of Ph3PCH2 seen after 7 days at 25 
oC. However, this reaction proved to be poorly reproducible and consistent results were 
only seen when the reaction was performed in pre-silylated (HMDS) NMR tubes. Under 
these conditions, the background reaction is significant and gives 4 and Ph2PMe both in 47 
% yields after one hour at room temperature. At low catalyst loadings of [Y{N(SiMe3)2}3] (5 
mol%) reduction and P–C bond cleavage predominate, but high yields of 4 can still be 
obtained at 15 mol% (85 %) and 10 mol% (79 %) although the latter requires 2 hours to 
achieve full conversion. When [Lu({N(SiMe3)2}3)] (20 mol%) is used, the reaction is still 
complete within the hour, but the yield of 4 is only 57 %.  
 
Table 2.2 Catalyst screening for the reaction between Ph3PCH2 and phenylsilane 
33 
 
2.2.2.2 Group I & II Control Reactions 
 [M{N(SiMe3)2}] (M = Li, Na, K) and [Ca{N(SiMe3)2}2] have also been investigated as 
possible catalysts for this reaction, however neither gave significant quantities of 4. When 
20 mol% of [Li{N(SiMe3)2}] is used as a reagent, PhH2SiN(SiMe3)2 is formed rapidly after 35 
minutes consuming 8 % of the [Li{N(SiMe3)2}]. Interestingly the concentration of both 
PhH2SiN(SiMe3)2 and [Li{N(SiMe3)2}] then remains constant for the remainder of the 
reaction. After 7 days at room temperature, 75 % of Ph3PCH2 was consumed and Ph2PMe is 
the predominate product, with traces of 4 and 5 visible by both 1H and 31P{1H} NMR 
spectroscopy. [Na{N(SiMe3)2}] and [K{N(SiMe3)2}] react similarly with the latter giving the 
greatest yield of the silylated phosphine though no more than a trace of 4.   
[Ca{N(SiMe3)2}2] also catalyses a reaction between Ph3PCH2 and PhSiH3 but gives 5 as 
the major product instead, though the reaction is not clean (Scheme 2.17). With 20 mol% of 
[Ca{N(SiMe3)2}2], complete consumption of Ph3PCH2 is seen after five hours at 25 
oC with a 
product ratio of 68:32 5:Ph2PMe. 
 
Scheme 2.17 Synthesis of Ph2PCH2SiH2Ph, 5 
 The metathesis of P–C bonds by calcium amides has already been demonstrated 
stoichiometrically for Ph3PO, however it is worth noting that in the present example there 
are no signs of P–P coupling.84 The analogous reaction with Ph2SiH2 also occurs at a similar 
rate to give Ph2PCH2SiHPh2 in 42 % yield.
80 Reaction between 4 and [Ca{N(SiMe3)2}2] (20 
mol%) does not give 5 at 25 oC after 117 hours, demonstrating that 4 is not formed as a 
transient intermediate on the pathway to 5 (Scheme 2.18). 
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Scheme 2.18 Reaction between 4 and [Ca{N(SiMe3)2}2] 
2.2.1.2 Ylide adducts of lithium and calcium 
In order to gain a greater understanding regarding the contrasting catalytic activites of 
[Y{N(SiMe3)2}3] to [Li{N(SiMe3)2}] and [Ca{N(SiMe3)2}2], Ph3PCH2 was reacted with the latter 
two metal amides stoichiometrically. [Li{N(SiMe3)2}] forms a 1:1 adduct with Ph3PCH2 in 
toluene after 1 hour at 25 oC giving [Li(CH2PPh3){N(SiMe3)2}] (6) in a 49 % yield (Scheme 
2.19). X-ray crystallography data reveals an asymmetric dimer bridged by the (Me3Si)2N 
ligand (Figure 2.7). The compound crystallised with two molecules in the asymmetric unit, 
and as each half of the dimer has different bond lengths and angles, the data have been 
presented as a range of values. Data for 6 is consistent with Davidson’s adduct, 
[{Bn2NLiCH2PPh3}2], but with a lengthening of the Li–C bond from 2.207(4)Å to between 
2.254 (8) – 2.302(8)Å, presumably due to the increased electron donating power of the 
silazane ligand.85 A wider P–C–Li bond angle is seen for 6 (133.6(3) – 136.7(3)o) compared to 
[{Bz2NLiCH2PPh3}2] (130.8(2)
o). In the 1H NMR spectrum, the doublet corresponding to the 
methylide hydrogens has shifted downfield from Ph3PCH2 to  0.67ppm (2H, 
2J31P-1H = 4.8Hz). 
A single resonance is observed in the 31P{1H} NMR spectrum of 6, ( +27.85ppm) which is 
shifted downfield from Ph3PCH2 ( +5.85 ppm). However, in the 
13C{1H} NMR spectrum 
the methylene carbon resonance (-4.53ppm d, 1J31P-13C = 62.3Hz) is comparable to that of 
both [{Bn2NLiCH2PPh3}2] ( -4.52ppm, d, 
1J31P-13C = 62.3Hz) and Ph3PCH2 ( -4.24ppm).  
Scheme 2.19 Synthesis of 6 and 7 
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Figure 2.7 The crystal structure of 6. Selected bond lengths (Å) and angles (
o
) for one molecule in the 
asymmetric unit, Li(1A)–C(1A) 2.302(8), Li(2A)–C(32A) 2.285(9), P(1A)–C(1A) 1.698(4), Li(1A)–N(1A) 2.062(8), 
Li(1A)–N(2A) 2.057, Li(1A)–C(1A)–P(1A) 136.6(3), Li(1A)–N(1A)–Li(2A) 76.2(3) 
  [Ca{N(SiMe3)2}2] forms a 1:2 adduct with Ph3PCH2 in toluene at 25 
oC in 1 hour to 
give [Ca(CH2PPh3)2{N(SiMe3)2}2] (7) in a 60 % yield (Scheme 4.19). In contrast to 6 the 
complex is monomeric in the solid state and possesses approximate C2v symmetry (Figure 
2.8). The calcium centre is four-coordinate and adopts a distorted tetrahedral geometry. 
Although calcium adducts of phosphonium ylides are unprecedented, the Ca–C bond length 
of 2.6413(16)Å is similar to those of N-heterocyclic carbene calcium complexes (2.60-
2.63Å).86As seen for 2a,the P–C–M angles of 6 (133.6(3) – 136.7(3)o) and 7 (134.26(7)o) are 
comparable but are significantly larger than 3 due to the lack of ring strain. The 1H NMR 
spectrum shows a doublet corresponding to the methylene protons at  0.54ppm (2H, 2J31P-1H  
= 12.0 Hz), the most shielded of this position amongst the three adducts. The methylene 
carbon shift is observed between that of 3 and 6 as a doublet at 0.3ppm (1J31P-13C  = 34.3 Hz) 
in the 13C{1H} spectrum and the phosphorus shift is similar to that of 2a at  +30.1ppm.  
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Figure 2.8 The crystal structure of 7. Selected bond lengths (Å) and angles (
o
), Ca(1)–C(10) 2.6413(14), 
P(11)–C(10) 1.7178(14), Ca(1)–N(1) 2.3596(11), Ca(1)–C(10)–P(11) 134.26(7), C(10)–Ca(1)–C(10)#1 82.50(7). 
A table summarising the key data from the novel compounds of this chapter can be 
seen below (Table 2.3). The formal shortness ratio (FSR) can be used to compare bond 
lengths between one atom and other atoms of differing size and is defined as the bond 
between two atoms divided by the sum of their covalent radii.87 Applying this concept to the 
M–C bonds we can see that despite only a small variation across the series, the shortest M–
Cmethylide bond is seen in complex 3. It is interesting to note that although a large range of 
1H, 
13C and 31P chemical shifts is seen, there is no strong correlation between them. In all cases 
the P–Cmethylide bond is longer than that seen in Ph3PCH2, but is considerably longer in the 
case of the two yttrium complexes, 2a and 3 implying a greater ability to stabilise the build-
up of negative charge on Cmethylide compared to 6 and 7. 
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Bond/angle 2a 3 6 7 4 Ph3PCH2 
M–Cmethylide (Å) 2.554(3) 2.4835(17) 2.254(8)-2.302(8) 2.6413(16) N/A N/A 
FSR 1.069 1.039 1.068-1.091 1.052 N/A N/A 
P–Cmethylide (Å) 1.739(3) 1.7373(19) 1.698(4)-1.707(4) 1.7178(14) 1.672(2)-1.679(19) 1.661
a
 
P–Cmethylide–M (
o
) 143.27(15) 107.17(8) 133.6(3)-136.7(3) 134.26(7) N/A N/A 
1
H  (ppm)
b
 1.24 1.11 0.67 0.54 0.56 0.80 
2J31P-1H (Hz)b 14.0 14.0 4.8 12.0 7.0 6.8 
31
P  (ppm) +30.8 +28.3 +27.9 +30.1 +23.8 +20.6 
13
C  (ppm)
c
 +8.5 +15.6 -4.5 +0.3 -8.6 -4.2 
Table 2.3 A comparison of key data from this chapter. a -
 
average reported
82
, b –P–CH2 resonance, c –
P–CH2 resonance 
2.2.2.1 Substrate Scope 
Attempts to widen the scope of the dehydrocoupling beyond these initial substrates 
have so far been limited. When Ph3PCH2 is exposed to Ph2SiH2 in the presence of 
[Y({N(SiMe3)2}3)] (20 mol%) in C6D6 slow consumption of starting material is seen along with 
a subsequent increase of PPh3 and Ph2PMe. Peaks that are indicative of the silylated ylide, 
Ph3PCHSiHPh2 are observed by NMR. In the 
1H spectrum, a doublet of doublets resonance is 
seen at  5.55 ppm (3J1H-31P = 2.4Hz, 3J1H-1H = 5.6Hz). This resonance integrates 1:1 to another 
doublet of doublets at  0.88 ppm (2J1H-31P = 8.0Hz, 3J1H-1H = 5.6Hz). By 31P{1H} NMR a new 
singlet is seen at  +22.9ppm.  Isolation of this product was hampered by the low yield of 
the reaction.  After 24 hours at 25 oC the yield is 10 % and whilst subsequent heating of the 
reaction mixture for 208 hours at 80 oC gave complete consumption of Ph3PCH2, only a 24 % 
yield of the novel product was observed against an internal standard. Variation of the ylide 
has also been unsuccessful to date. The reaction of Ph3PCHCH3 with PhSiH3 in the presence 
of [Y({N(SiMe3)2}3)] (20 mol%) is complete within 6 hours at room temperature, but gives a 
mixture of poorly characterised products. Treatment of the stabilised ylide, Ph3PCHPh under 
the same conditions gives only trace reaction despite prolonged heating at 80 oC. These 
findings are consistent was the catalyst screening results (Table 2.2) and suggest that the 
synthesis of 4 is a specific but reproducible reaction that occurs under specific conditions.  
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2.2.3 Mechanistic Discussion 
The difference in catalytic activity between the homoleptic metal amides in the 
reaction of Ph3PCH2 with PhSiH3 is stark and raises interesting questions about the possible 
roles of complexes 2a, 3, 6 and 7 in the reported reactions. Whilst cyclometalation is 
observed with yttrium after just 3 hours of heating at 80 oC, both 6 and 7 showed no 
apparent change by 1H or 31P{1H} NMR after heating at 80 oC for 18 hours. The dimeric 
nature of 6 would have a stabilising role on the ylide adduct, discouraging cyclometalation. 
A similar effect can be seen in 7, with a second equivalent of Ph3PCH2 stabilising the adduct. 
The cyclometalation of 3 could be ascribed to the highly electrophilic Y3+ centre or from the 
steric pressure arising from the three bulky –N(SiMe3)2 groups. 
One mechanism that can be envisioned involves the -bond methathesis of the Si–H 
with the Y–Caromatic bond followed by 1,4-silyl migration to give the desired product. Anionic 
1,4-silyl migration of ortho-silylated phosphonium ylides has been shown to occur 
spontaneously at -20 oC for SiMe3 groups (Scheme 2.20).
81 Another possibility involves the 
formation of the silylene, [PhSiH] that inserts directly into the C–H bond of the ylide. This 
kind of reactivity has been previously reported for the reaction between Ph3PCH(O)CMe and 
an N-heterocyclic silylene.88    
 
Scheme 2.20 Anionic 1,4-silyl migration of ortho-silylated phosphonium ylides 
Both of these mechanisms can be discounted on the basis of isotopic labelling 
studies. When Ph3PCD2 is used as a substrate, Ph3PCDSiH2Ph is formed. Analysis of the 
reaction mixture using 1H and 2H NMR spectroscopy shows no distinguishable D-
incorporation at any other position on the molecule. Production of HD gas was confirmed by 
39 
 
a dual-chamber transfer hydrogenation experiment (Figure 2.9). The catalyst and PhSiH3 
were dissolved in C6D6 and transferred to a vial (A). A smaller vial containing styrene and 
Wilkinson’s catalyst in C6D6 (B) was placed inside A before Ph3PCD2 was added to vial A. Vial 
A was sealed and left for 48 hours at room temperature. The solution from vial B was then 
transferred to an NMR tube and the presence of both PhCH2CH2D and PhCHDCH3 in a 1:1 
ratio was confirmed. As no significant D-incorporation into the aromatic rings was observed 
by 2H NMR spectroscopy, 1,4-silyl migration cannot be occurring. Similarly the lack of D-
incorporation into the silyl hydride positions argues against a silylene mechanism. It is also 
worth noting that in a further experiment between Ph3PCD2 and 4 in the presence of 
[Y({N(SiMe3)2}3)] (20 mol%), no isotopic scrambling was seen despite heating at 80 
oC for a 
week which supports non-reversible silylation as no crossover products were observed. 
 
Figure 2.9 Transfer hydrogenation of styrene to confirm the evolution of HD gas. 
In light of these studies, two plausible mechanisms remain. The first mechanism 
involves the 1,2-addition of the Si–H bond across a transient yttrium alkylidene 
intermediate. This functional group could be initially generated in a number of ways. The 
alkylidene could be formed via initial cyclometalation and subsequent tautomerism of 3 
however this would involve isotopic scrambling into the ortho position of the phenyl ring. 
Another possibility is drawn below (Scheme 2.21). -Bond metathesis of phenylsilane with a 
Y–N bond of 2a would yield the corresponding silazane (Chapter 3), and a highly reactive 
yttrium hydride complex. Elimination of H2 from this molecule could form the Y=C moiety, 
which could undergo 1,2-addition with phenylsilane. Whilst this could also occur for 3, the 
ring strain involved in alkylidene formation in this case makes it less likely. Decoordination 
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of the silylated ylide and reaction of the resulting yttrium hydride with another equivalent of 
Ph3PCH2 would complete the catalytic cycle.  Activation of typically unreactive functional 
groups such as C–F, C–O89 and C–H,90 bonds by Y=C moieties has been demonstrated for 
rare earth carbene complexes though these reactions have not been rendered catalytic.  
 
Scheme 2.21 Proposed alkylidine mechanism 
Another possible mechanism is shown below (Scheme 2.22) and has precedent in 
the stoichiometric reaction of chlorosilanes with rare-earth NHC complexes.91 Direct 
addition across the Y–Cmethylide bond of either 2a or 3 (as pictured) would give a highly 
unstable zwitterionic yttrium hydride complex. This could rapidly eliminate H2 to give 
coordinated, or cyclometallated 4. Displacement of 4 by Ph3PCH2 via a sigma-bond 
metathesis step would then regenerate the catalyst. The dissociation of the silylated 
product is likely to be facile due to the increased steric demand of the SiH2Ph moiety. In this 
regard, it is worth noting that whilst ortho-metalation of Ph3PCH2 with t-BuLi is facile at -78 
oC, Ph3PCHSiMe3 does not deprotonate with this base even at room temperature.
92 This is 
thought to be primarily due to the increased steric bulk which prevents precoordination of 
the ylide to Li+. It is not possible to distinguish between the final two mechanisms based on 
current data.  
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Scheme 2.22 Proposed addition-elimination mechanism 
2.3 Future work 
Ideally the substrate scope should be expanded to make the reaction more 
synthetically useful. As other substrates have been attempted and been unsuccessful, 
catalyst improvement is a reasonable starting point. Initially, the use of a larger metal, such 
as [La({N(SiMe3)2}3)] may encourage the coupling of sterically demanding substrates. The 
use of a more robust ligand system similar to the chelating systems used by the Hou and 
Okuda groups (vide supra) might help to tune the sterics and electronics of the metal centre. 
A more reactive leaving group, such as an alkyl moiety may increase the rate of the reaction 
and allow a lower catalyst loading to be used to compete with the background reaction. 
These changes apply not only to the formation of the corresponding silylated ylide with 
group 3 metals amides, but also the silylated phosphine produced by group two metals 
amides which has not been the focus of this investigation.  
The role of cyclometalation could be probed by examining the effect of sequentially 
exchanging one phenyl group on the ylide with a cyclohexyl ring (i.e. Ph2CyPCH2, PhCy2PCH2 
and Cy3PCH2). Currently the rate of background reaction is too significant to allow full kinetic 
analysis but if improvements to the TOF of the catalyst could be made then this would 
provide valuable insight into the mechanism of the reaction. Detailed computational studies 
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would also allow direct comparison between the alkylidine and addition-elimination 
mechanisms mentioned above.   
The reactivity of 4 has not yet been explored though silylated ylides have been used 
as ligands in transition metal chemistry (Figure 2.10).93 The coordination and 
functionalisation of other substrates, such as ammonium, sulfonium and oxonium ylides 
also warrants further investigation.  
 
Figure 2.10 An osmium complex of a silylated ylide 
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3. Amine-Silane Dehydrocoupling 
 
3.1 Introduction 
 Molecules that contain N–Si (silazane) bonds have a variety of uses. Early research 
into silazane synthesis was focused on making polysilazane due to its ability to form silicon 
nitride (Si3N4) upon pyrolysis.
94 This ceramic material can be used in composite materials to 
greatly enhance many useful properties including thermal stability and toughness.95 In 
addition, hexaalkylsilazides, such as the ubiquitous –N(SiMe3)2 group, have been used as 
ligands in organometallic chemistry for a considerable length of time, and recently there has 
been increased interest in the use of tetraalkylsilazides as ligands, including –N(SiHMe2)2.
96
 
These ligands have the ability to provide extra stabilisation to the metal centre through -
agostic Si-H---M interactions.97-100 Silazanes have also found limited success as a means to 
protect amine groups in organic synthesis, but are hampered by their high acid and 
moisture sensitivity.101 This sensitivity can be reduced by using sterically encumbered 
groups such as tri-iso-propylsilyl and triphenylsilyl moieties.  
Compared to the traditional coupling between amines and silylchlorides, the 
catalytic dehydrocoupling of amines and silanes provides a highly atom-efficient route to 
substituted silazanes (see equation 4). The reaction shown in equation 5 produces a large 
amount of waste, as the chloride anion is precipitated by a second equivalent of amine, 
making it highly atom inefficient.102 Whilst the ammonium salt can be recycled back to the 
amine by addition of a base, this still requires an extra stoichiometric reagent as well as 
another synthetic step. Similarly it is also possible to synthesis silazanes via a two-step 
method involving deprotonation of the amine with a strong base, followed by reaction with 
the corresponding halosilane, which also results in the formation of undesired byproducts 
(equation 6).103 
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When 2o amines are dehydrocoupled with 3o silanes, only one possible silazane can 
be formed. However, when either substrate contains multiple E–H (E = N, Si) bonds, a 
number of silazanes are possible. In addition to the mono-coupled products (N–Si) these 
include small molecules with (N)2–Si, (N)3–Si and N–(Si)2 linkages as well as their 
corresponding oligomers/polymers (Figure 3.1). Selective dehydrocoupling is therefore a 
highly desired catalyst property.  
 
Figure 3.1 Examples of possible amine-silane couplings 
3.1.1 Late Transition Metal Systems 
Elements from across the periodic table have been used in catalysts for amine-silane 
dehydrocoupling, but early studies centred around using late transition metal systems. In 
1959, Saam and Speier showed that chloroplatinic acid [H2PtCl6] mediated the reaction  
between silanes and 1o/2o amines.104 Whilst they were not able to characterise the products 
directly, they noted that hydrogen gas was released and were able to characterise the 
hydrolysis products formed after quenching with ethanol. Sommer and Citron showed in 
1967 that palladium metal catalysed the reaction between -naphtylphenylmethylsilane 
and either pyrrolidine or i-butylamine, whereas platinum, rhodium and ruthenium metal 
gave no products. Choice of support was also found to be important, as when carbon is used 
the products are racemic, but when aluminium oxide is used, reactions are stereospecific 
giving inversion of stereochemistry.105 Following studies into the dehydrocoupling of silanes 
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with phenylacetylene,106 the Harrod group showed that copper(I) chloride can catalyse the 
reaction between benzylamine and phenylmethylsilane though preparations are conducted 
neat at reflux and give a variety of products (Scheme 3.1).107 When (R)-(+)--
methylbenzylamine is used as a substrate instead, the reaction is clean and gives 84 % of the 
mono-coupled silazane as two diastereoisomers after 21 hours at 100 oC. When a mixture of 
aniline and phenylsilane is exposed to copper(I) chloride, the reaction is selective, giving 
only PhNHSiH2Ph at low catalyst loadings (6 mol %). When higher loadings are used (25 – 50 
%) poorly characterised oligomeric species are instead isolated.  
 
Scheme 3.1 Copper catalysed dehydrocoupling of benzylamine and phenylmethylsilane 
Binuclear rhodium complexes have also been shown to give a mixture of low 
molecular weight oligomeric products when catalysing the reaction of i-butylamine with 
phenylsilane.108 This is also the case for the reaction between phenylsilane and 
methylamine, as well the reaction between dimethylsilane and ammonia. However, when 
two substrates are used that are both sterically more demanding, such as diethylsilane (or 
methylphenylsilane) and i-butylamine, the mono-coupled silazane is formed quantitatively 
after 36 hours at room temperature (Scheme 3.2). 
 
Scheme 3.2 Amine-silane dehydrocoupling with a binuclear rhodium catalyst 
In 1986 the Laine group showed that a number of catalysts could effect the 
oligomerisation of hexamethyldisilazane with octamethylcyclotetrasilazane offering a 
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different atom-efficient catalytic route to silazane synthesis (Scheme 3.3).109 Mid to late 
transition metal carbonyls such as [Ru3(CO)12], [H4Ru4(CO)12], [Fe3(CO)12], [Os3(CO)12] and 
[Ir4(CO)12], all catalysed the reaction with conversions between 22 and 80 % though high 
temperatures were required (135 or 180 oC). AlCl3 and H2SO4 were also shown to give 
comparable activities. Heterogeneous catalytic systems were also tried for this reaction. 
Both Pt/C and Pd/C gave similar catalytic activities whereas Pt2O only gave 25 % 
consumption of the silane after prolonged heating at high temperature.  The upper limit of 
80 % conversion is ascribed to an equilibrium whereby cleavage of the Si–N bond in the 
starting material competes with cleavage of the same moiety in the product. Catalytic 
dehydrocoupling is also observed in the reaction of tetramethyldisilazane with ammonia. 
This is a significantly faster reaction, and occurs at 35 oC when catalysed by [Ru3(CO)12]. The 
major products of this reaction are hexamethylcyclotrisilazane and linear oligosilazanes, H–
(Me2SiNH)x–SiMe2H (x = 2 – 11). 
 
Scheme 3.3 Synthesis of oligosilazanes 
 The group also showed that triethylsilane can be used as a substrate to form simple 
mono-silazanes with a variety of primary amines (n-propyl, n-butyl, s-butyl and t-
butylamine) at 70 oC (equation 5).110 Catalysts based on a number of transition metals such 
as ruthenium, iridium, rhodium, platinum, iron, osmium, nickel and palladium showed some 
activity with the latter giving turnover frequencies between 17-100 times higher than the 
rest. However, [Ru3(CO)12] was studied in preference to the palladium catalysts, such as 
[Pd(OAc)2], as the latter were seen to be rapidly reduced to Pd(0) by triethylsilane giving an 
undesired heterogeneous system. The rate of dehydrocoupling follows the expected trend, 
n-propyl > n-butyl > s-butyl >> t-butylamine implying that the reaction rate is largely 
dictated by steric effects. Attempts to use piperidine as a substrate gave no product and the 
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amine does not inhibit catalysis if used as an additive in the reaction represented in 
equation 7.  
 
Recent studies on ruthenium catalysts have focused around phosphine stabilised 
cationic complexes which act as very efficient catalysts for amine-silane dehydrocoupling. 
For example, the Nikonov group have shown that cationic ruthenium bisacetonitrile adducts 
mediate the dehydrocoupling of aniline with dimethylphenylsilane at room temperature 
within ten minutes.111 Stoichiometric reaction of the ruthenium complex with a number of 
silanes gave displacement of one equivalent of acetonitrile by the Si–H bond to give the 
corresponding -complex (Scheme 3.4). DFT calculations support the -complex playing a 
key role in the hydrosilylation of carbonyls, but no attempts were made to explore the 
amine-silane dehydrocoupling further, in mechanism or in substrate scope. 
 
Scheme 3.4 Reversible -complex formation 
The Oestreich group have used cationic ruthenium tethered arene complexes to 
facilitate the coupling of a wide variety of amines and silanes.112 Reaction with just 1 mol % 
of catalyst between various indoles and dimethylphenylsilane gave the corresponding 
silazane within one hour at 60 oC in 89 – 96 % yields (Scheme 3.5). Carbazole also reacts 
under the same conditions but a lower yield of 76 % is obtained. When the indole is 
unsubstituted at either the C-2 or C-3 position, hydrogenation to give the indoline is 
observed, though this is not the case when a halide is present on the aromatic ring. When 
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the silane is used in excess, prolonged heating at 90 oC gave silylation not just at the 
nitrogen, but also at the C-3 position of either indole or pyrrole.  
 
Scheme 3.5 Silylation of indoles by a cationic ruthenium complex 
The amine-silane dehydrocoupling was also extended to cover a variety of anilines, 
including sterically hindered substrates such as N-methylaniline and 2,4,6-trimethylaniline. 
These reactions are facile giving >85 % yield after just five minutes at room temperature. 
Diphenylsilane and aniline also couple rapidly and a second equivalent of the amine can be 
coupled but only if the reaction mixture is heated to 80 oC for two hours.  
3.1.2 Early to Mid-Transition Metal Systems 
Photochemical excitation of [(6-C6H6)Cr(CO)3] in the presence of diphenylsilane 
forms the corresponding -silane complex, which slowly decomposes to Ph2HSiOSiHPh2 if 
advantageous water is present (equation 8).113 This reaction is catalytic, and it was shown 
that if water is replaced with aniline, then the amine could be coupled with diphenylsilane 
to form Ph2SiNHPh rapidly at room temperature.  
 
The Harrod group have shown that [Cp2TiMe2] is also an active catalyst for amine-
silane dehydrocoupling.114 When ammonia and diphenylmethylsilane are reacted neat in 
the presence of 1.2 mol% [Cp2TiMe2], a 70 % yield of Ph2MeSiNHSiMePh2 is achieved after 
22 hours at 25 oC, or a 60 % yield is obtained by heating at 100 oC for 30 minutes.115 When 
phenylmethylsilane is used as a substrate, reaction times are reduced, but a mixture of 
products is seen, including PhMeHSiNHSiHMePh, H(PhMeSiNH)3H and (PhMeSiNH)3. 
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[Cp2TiMe2] also couples diphenylsilane with hydrazines to give mixtures of oligomers.
116 It is 
worth noting that Laine and co-workers have demonstrated that [Cp2TiCl2] is unable to 
catalyse the dehydrocoupling of primary amines with triethylsilane.110  
3.1.3 Metal Free Systems 
Metal free systems have also been reported. Courriu and coworkers have used 
tetrabutylammonium fluoride as a catalyst to dehydrocouple secondary amines with 
silanes.117 The proposed mechanism involves nucleophilic attack of the silane by fluoride to 
give an activated pentacoordinate silicon centre. This molecule could then react with the 
amine to give the corresponding silazane after elimination of H2. It is worth noting however 
that the reaction is not catalysed by other fluoride sources (such as caesium fluoride). Most 
recently the Paradies group have furthered their studies on amine based frustrated Lewis 
pairs to include the tris(pentafluorophenyl)borane catalysed aminolysis of silanes.118 A large 
number of amines, including diarylamines, anilines and diamines can be coupled to 3o 
silanes with catalyst loadings as low as 1 mol% (Scheme 3.6). N-Silylation is also observed 
for indoles, though the generated equivalent of dihydrogen reduces the indole to give the 
silylated indoline.  
 
Scheme 3.6 Metal free silylation of N-heterocyles 
3.1.4 Main Group and F-Block Metal Systems 
Examples of dofn-based catalysts have been limited until the last few years. In 2007 
Harder showed that [Ca(2-Ph2CNPh)(hmpa)3], like its ytterbium(II) analogue (vide infra), is a 
highly active catalyst for amine-silane dehydrocoupling (Scheme 3.7).119 A number of 
amines can be dehydrocoupled with triphenylsilane with the fastest reaction seen for n-
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pentylamine which achieves full conversion after just 30 minutes at room temperature. 
Secondary amines such as N-methyl-n-butylamine and sterically hindered primary amines 
such as t-amylamine also react though catalyst loadings need to be increased from 3 mol% 
to 10 mol%. Aniline also requires longer reaction times and high catalyst loadings to give a 
69 % conversion to PhNHSiPh3.  
 
Scheme 3.7 Amine-silane dehydrocoupling catalysed by [Ca(
2
-Ph2CNPh)(hmpa)3] 
Sadow and co-workers have reported that [{tris(4,4-dimethyl-2-
oxazolinyl)phenylborate}MgMe] ([ToMMgMe]) is an effective catalyst at 5 mol% loadings for 
the coupling of primary amines to both primary and secondary silanes at room 
temperature.120 The group also showed that it was possible to couple hydrazine and 
ammonia with 3o silanes using 10 mol% of the group two catalyst. Attempts to extend the 
system to include secondary amines were unsuccessful as was the coupling of primary 
amines to 3o silanes. Stoichiometric studies between [ToMMgMe] and a number of amines 
showed that magnesium amide formation was rapid under conditions relevant to catalysis. 
Analysis of kinetic experiments favours a pentacoordinate trigonal bipyramidal silicon 
intermediate formed from nucleophilic attack of the silane by the corresponding 
magnesium amide (Scheme 3.8). Hydride transfer from silicon to magnesium and 
elimination of the coordinated silazane would give [ToMMgH] which rapidly deprotonates 
another equivalent of amine. Simple homoleptic group two amides, [M(N{SiMe3}2)2]2 (M = 
Mg, Ca, Sr) are also highly active catalysts for amine-silane dehydrocoupling, and are 
particularly effective at coupling hindered substrates.121 The calcium catalyst was found to 
be generally more active than the magnesium and strontium derivatives, especially when 
triphenylsilane is used. As above, stoichiometric studies between either [Mg(n-Bu)2] or 
[M{CH(SiMe3)2}2(THF)2] (M = Ca, Sr), and the amine-silane mixture suggest that metal 
amides play a key role in the reaction mechanism. 
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Scheme 3.8 Proposed mechanism of magnesium catalysed dehydrocoupling 
Zinc(II) triflate has been shown to catalyse N-silylation of indoles with 
methyldiphenylsilane (Scheme 3.9).122 The reaction is not only salt dependant (zinc chloride 
and zinc bromide gave negligible reaction), but also highly solvent dependant, working best 
with propionitrile and pyridine as a base. A large variety of indoles were studied, with high 
functional group tolerance. Unlike the Oestreich ruthenium system mentioned previously, 
no hydrogenation of the indole is observed and the reaction is highly N-selective. A number 
of trialkyl silanes were also used, including a rare example of the dehydrocoupling of tri-iso-
propylsilane, though more forcing conditions were required to reach high yields.  
 
Scheme 3.9 Zn(OTf)2 catalysed silylation of indoles 
Following from their studies on the hydrosilylation of terminal alkynes,123 Eisen and 
coworkers showed that [(Et2N)3U][BPh4] is an efficient catalyst for amine-silane 
dehydrocoupling when both substrates possess 1o substitution.124 As expected, n-
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propylamine reacted at a greater rate compared to i-propylamine, which in turn reacted 
faster than t-butylamine. n-Propylamine and phenylsilane require 1.7 mol% of catalyst to 
give complete consumption of phenylsilane in two hours. In contrast, when coupling of the 
same amine to the 2o silane, phenylmethylsilane was attempted, the catalyst loading had to 
be doubled and the reaction heated to 90 oC to achieve coupling after 18 hours. Rare earth 
catalysts are also known for this reaction, but only those based on the +2 oxidation state. 
For example, [Yb(2-Ph2CNPh)(hmpa)3] will couple a number of primary amines with 
triphenylsilane at room temperature.125 Secondary amines such as N-methylbutylamine and 
piperidine also undergo reaction rapidly, though an increase in the catalyst loading is 
required from 3 % to 10 %. Other ytterbium(II) complexes are also active at mediating this 
dehydrogenative coupling. Whilst the simple complex [(THF)2Yb{N(SiMe3)2}2] reacts 
stoichiometrically with phenylsilane to give the corresponding silazane, only trace coupling 
is observed when this complex is used as catalyst. However, when a NHC ligand (in 
particular, IMes) was added to the reaction, quantative conversions are seen rapidly at 
room temperature.126 Whilst the reaction between 1o or 2o amines with phenylsilane 
resulted in multiple substitutions, when secondary silanes were used, only mono-coupled 
silazanes were observed. The reaction between the bulky mesitylsilane and t-butylamine 
was also mediated by [(IMes)Yb{N(SiMe3)2}2] (Scheme 3.10). Limited studies have been 
performed to elucidate the role of the NHC in this rate acceleration, though it has been 
postulated that the ligand might be stabilising an intermediate ytterbium hydride, 
preventing its aggregation.126    
 
Scheme 3.10 Dehydrocoupling with [(IMes)Yb(II){N(SiMe3)2}2] 
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3.2 Results and discussion 
As mentioned in the previous chapter, heating a C6D6 solution of in situ generated 3 
at 60 oC in the presence of hexamethyldisilazane and diphenylsilane gave quantitative 
conversion to  Ph2SiHN(SiMe3)2 after 24 hours  (Scheme 3.11). In contrast when this reaction 
is repeated in the presence of a stoichiometric quantity of [Y{N(SiMe3)2}3], only a trace 
quantity of (Me3Si)2NSiHPh2 is seen despite prolonged heating at 80 
oC. 
Hexamethyldisilazane and diphenylsilane were not found to react in C6D6 under the same 
conditions. 
 
Scheme 3.11 Stoichiometric reactions between hexamethyldisilazane and diphenylsilane with yttrium amides  
  Following this observation, 3 was found to be an active catalyst for the 
dehydrocoupling of a variety of amines and silanes (see section 3.2.1). For example, the 
reaction of di-iso-propylamine and phenylsilane gives (i-Pr)2NSiH2Ph (8f) in 86 % yield after 
24 hours when catalysed by 3 (5 mol%). However, when 5 mol% of [Y{N(SiMe3)2}3] is used as 
a catalyst in this reaction, only trace quantities of the silazane are observed after 70 hours at 
25 oC. When the reaction is heated at 80 oC for 164 hours, 93 % conversion is achieved 
(Table 3.1). Due to the dramatic contrast between 3 and [Y{N(SiMe3)2}3] as dehydrocoupling 
catalysts, this system was chosen for further analysis. Corriu and co-workers have shown 
that nBu4NF catalyses the dehydrocoupling of amines and silanes,
117 which lead to a 
hypothesis that the rate enhancement may be solely a consequence of the nucleophilicity of 
the ylide. A number of nucleophilic bases such as the N-heterocyclic carbene, IMes, 4-
dimethylaminopyridine (DMAP) and triphenylphosphine oxide were tested as precatalysts 
under the same conditions above, but no dehydrocoupling was observed after 24 hours at 
25 oC. Each of these bases gave only a trace of 8f when 5 mol% [Y{N(SiMe3)2}3] was also 
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present under the same conditions.  Both complex 1 and 2a also only give trace conversion 
under the same conditions at 25 oC with the latter giving the silylated ylide (4) as the main 
catalyst decomposition product. The same result is observed if 5 mol% of both Ph3PCH2 and 
[Y{N(SiMe3)2}3] are added independently to the same amine-silane mixture. These controls 
suggest that not only is the presence of both yttrium and Ph3PCH2 required to achieve the 
rate enhancement in this system, but that cyclometalation is also essential for high catalytic 
activity.  
 
Table 3.1 The effect of varying the precatalyst on dehydrocoupling rate 
Substrate Scope 
 Complex 3 is an efficient precatalyst for the coupling of a variety of amines with 
silanes. When the 2o silane, diphenylsilane, is used as a substrate, dehydrocoupling with 1o 
amines is facile with reactions proceeding at 25 oC in C6D6 with completion times varying 
between 10 minutes and 96 hours to give conversions from 63 to 99 % (Table 3.2). As 
expected, the more sterically hindered t-butylamine requires a longer reaction time than 
cyclohexylamine, benzylamine and n-butylamine but the reaction is also complete within 
one hour if the solution is heated to 80 oC. With the exception of benzylamine and n-
butylamine, the 1o amine substrates studied all give mono-coupled adducts with 
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diphenylsilane, even in the presence of excess amine.  No reaction occurs between either 
cyclohexylamine or n-butylamine with triethylsilane at 60 oC with 5 mol% of 3. This is in 
contrast to the literature for example, [Ru3(CO)12] effects the dehydrocoupling of Et3SiH and 
RNH2 (R = n-Pr, n-Bu, s-Bu and t-Bu) at 70 
oC after one hour.109 Addition of aniline to a C6D6 
solution of 3 gave an instant heavy precipitate. When diphenylsilane was added the only 
peak observed by 31P{1H} NMR spectroscopy after 15 minutes at room temperature was at  
-104ppm. This intermediate has yet to be identified, but decomposes rapidly to give both 
triphenylphosphine and diphenylmethylphosphine. Despite the heterogeneity of the 
reaction, dehydrocoupling to give PhNHSiHPh2 is still observed with 60 % conversion 
obtained after 16 hours at 60 oC (Table 3.4).  
  
Table 3.2 Parallel reactions catalysed by either 3 or [Y{N(SiMe3)2}3] (in parenthesis). Substrates with the largest 
discrepancy between catalysts shown in bold.  
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 When 1o amines are reacted with the 1o silane, phenylsilane, the reaction becomes 
less selective and multiple couplings are observed (Table 3.3). For example, n-butylamine 
(3.5 equivalents) reacts rapidly at 25 oC to give complete consumption of phenylsilane 
within 20 minutes. In the reaction mixture the (N)2–Si and (N)3–Si are observed in 46 % and 
54 % yields respectively with no detectable quantities of (n-BuNH)SiH2Ph. Further 
conversion of the (N)2–Si silazane to the (N)3–Si product is slow, taking 22 hours at 25
oC to 
give the (N)3–Si adduct in 83 % yield. The reaction with cyclohexylamine is slower, but still 
no mono-coupled silazane is seen. In the reaction between 3.5 equivalents of benzylamine 
and phenylsilane, several unidentified compounds are visible by 1H NMR but there was no 
prevailing product. It is noteworthy that the reaction of t-butylamine with phenylsilane gives 
8a in a 99 % yield if an excess of the silane is used, implying that it may be possible to 
control the degree of substitution in the reaction of sterically hindered 1o amines with 
phenylsilane simply by adjusting the stoichiometry. 
 
Table 3.3 Amines which give multiple dehydrocoupling to phenylsilane. 
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 Precatalyst 3 is also capable of coupling secondary amines to silanes (Table 3.2). 
Dibenzylamine reacts with phenylsilane at room temperature in just 2.5 hours to give 98 % 
conversion of silane to the product, (Bn)2NSiH2Ph (8j). In contrast, dibenzylamine requires 
39 hours at 80 oC with diphenylsilane to give 86 % conversion to (Bn)2NSiHPh2 (8k).  
Di-iso-propylamine follows a similar trend, giving 95 % conversion to the mono-substituted 
product, (i-Pr)2NSiH2Ph (8f), after 44 hours at room temperature in the reaction with 
phenylsilane. It is worth noting that [(Et2N)3U][BPh4] gave no 8f under undisclosed 
conditions, and [ToMMgMe] gave no 8f despite heating at 100 oC for 5 days.120, 124 The 
reaction of di-iso-propylamine with diphenylsilane does not show any sign of product, 
despite heating at 120 oC for 24 hours in a flame-sealed medium-walled NMR tube. Both 
diphenylamine and dicyclohexylamine react with phenylsilane at 25 oC, albeit very slowly, 
with the former giving 10 % conversion after 24 hours, and a further 26 % when heated at 
80 oC for 100 hours. The latter reached 48 % conversion to 8g after seven days at 25 oC but 
is complete after just one hour at 80 oC. Similarly, N-iso-propylcyclohexylamine reacts with 
phenylsilane at 80 oC to give 8h in 99 % yield after four hours and the hindered cis-2,6-
dimethylpiperidine also reacts with phenylsilane giving 8i in 98 % yield after 3 hours at 80 
oC. Piperidine is the most reactive secondary amine tested in these studies. It readily reacts 
with diphenylsilane at 25 oC to give quantitative conversion to 8l in 5 hours. With a reaction 
time of 19 hours, but at 80 oC, piperidine will also couple to dimethylphenylsilane.127 It is 
worth noting that in the majority of cases, the catalyst loading can be dropped to 5 mol% 
with no noticeable depreciation in catalytic activity (Appendix 2)  
Table 3.4 summarises the limits of this system with regards to the substrate scope. 
Whilst 1o amine – 2o silane, and 2o amine – 1o silane couplings were found to generally be 
facile, 2o amine – 2o silane tend to be lower yielding, and often require higher reaction 
temperatures especially if a sterically encumbered amine is used. Reactions attempted with 
triethylsilane did not give any detectable products.  
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Table 3.4 Limits of amine-silane dehydrocoupling with 3.  
3.2.2 Silazane characterisation  
Table 3.5 summarises the key 15N, 29Si and 1H NMR data for silazanes 8a – 8m. In 
silazanes 8a – 8l, the most characteristic chemical shift corresponds to the Si–H nuclei which 
shift considerably downfield from the corresponding silane (1HSi-H = +0.48 to +1.12 ppm). 
The value of the 1J1H-29Si coupling increases also slightly (1J1H-29Si = +1.2 to +4.8 Hz). A similar 
trend is seen by 29Si NMR spectroscopy, with resonances shifting to a greater extent upfield 
(= +21.9 to +40.3 ppm) when phenylsilane is the starting material as opposed to 
diphenylsilane or dimethylphenylsilane (= +10.6 to +19.5 ppm).  Whilst the 29Si shift for 
8j shows a considerable shift compared to the other studied silazanes, the measured 
chemical shift (-20.0 ppm) is consistent to that reported by Schmidbaur and coworkers for 
the same compound, synthesised by salt metathesis ( -21.8 ppm).103 As expected, the 
opposite trend is seen by 15N NMR where the peaks move downfield upon silazane bond 
formation. In general, the 15N shift is more affected when the amine is coupled with 
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phenylsilane ( = -15.4 to -25.9 ppm) than with the 2o and 3o silanes studied (= -8.4 to -
13.6 ppm).  
 
Substrate 15N, ppm 15N, ppma 
29Si, ppm 29Si, ppmb 
1HSi-H, ppm 
1HSi-H, ppm
c 
8a +44.4 -15.4 -38.4 +21.9 5.11 +0.88 
8b +38.1 -8.8 -20.5 +13.1 5.68 +0.61 
8c +18.9 -9.0 -17.7 +15.9 5.61 +0.54 
8d +51.2 -8.4 -24.9 +8.7 5.72 +0.65 
8e +58.8, +91.3 -0.5, -13.6 -23.0 +10.6 5.64 +0.57 
8f +47.5 -20.6 -38.3 +22.0 5.18 +0.95 
8g +50.4 -19.8 -37.1 +23.2 5.27 +1.04 
8h +48.8 -25.9 -37.6 +22.7 5.21 +0.98 
8i +46.5 -19.9 -38.3 +22.0 5.18 +0.95 
8j +24.0 -18.1 -20.0 +40.3 5.35 +1.12 
8k +29.1 -10.1 -10.3 +23.3 5.89 +0.82 
8l +26.6 -12.6 -14.1 +19.5 5.55 +0.48 
8m +30.1 -9.1 -2.8 +14.6 - - 
Table 3.5 Comparison of selected 
15
N, 
29
Si and 
1
H data for silazanes 8a – 8m. a – change in 15N  from the 
amine to the silazane, b – change in 29Si  from the silane to the silazane, c – change in 1HSi-H  from the silane 
to the silazane 
3.2.3 Ylide acceleration  
Having established the importance of 3 over other related ylide adducts in the 
synthesis of 8f (vide supra), the rate acceleration of 3 over [Y{N(SiMe3)2}3] was examined for 
silazanes 8a – 8m (Table 3.2). Reactions were run in parallel in C6D6 using 10 mol % of either 
3 or [Y{N(SiMe3)2}3]. Whether a difference was observed seems to be dependent on the 
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steric profile and nucleophilicity of the amine studied. For example, when cyclohexylamine 
or dibenzylamine are used, the reactions show minimal differences between the catalysts. 
The reaction between t-butylamine and phenylsilane is less clear as it is complete after two 
hours at 25 oC when 3 is used, but only a 57 % yield is seen under the same conditions and 
concentration for [Y{N(SiMe3)2}3], completing after 19 hours. Similarly, when diphenylsilane 
is used a difference is seen at 25 oC. The reaction does not reach completion with either 
catalyst, but when 3 is used, a 65 % yield of 8d is obtained. For [Y{N(SiMe3)2}3], only 17 % 
conversion is seen at the same time point. However, when the reactions are run at the 
optimised temperature of 80 oC, quantitative conversion to 8d is seen for both at the first 
measurement (one hour). For this set of substrates this may be indicative of a mechanism 
switch upon moving to higher temperatures. The only case where [Y{N(SiMe3)2}3] has been 
observed to be a more efficient catalyst is in the coupling between N,N-dimethylhydrazine 
and diphenylsilane. Here, the [Y{N(SiMe3)2}3] catalysed reaction reaches 64 % yield after 48 
hours at 25 oC. At this point, the reaction catalysed by 3 is at 51 % yield, only reaching 63 % 
yield after 96 hours. Attempts to push these reactions to completion by heating at 80 oC 
gave double substitution products with both catalysts. For piperidine and diphenylsilane, 
reaction is very rapid for precatalyst 3, completing in three hours at 25 oC, whilst 
[Y{N(SiMe3)2}3] gives a 66 % yield of 8l at the same time point and eventually gives 97 % 
after 31 hours. Both catalysts in this case give almost identical initial rates (3 = 0.636 ± 0.02 
mM min-1, [Y{N(SiMe3)2}3] = 0.612 ± 0.02 mM min
-1), though the [Y{N(SiMe3)2}3] catalysed 
reaction slows down significantly after 50 % conversion (Graph 3.1a). The reaction between 
dibenzylamine and phenylsilane gives a similar temporal profile, though the decrease in rate 
of the [Y{N(SiMe3)2}3] catalysed reaction is less clear (Graph 3.1b). Again, both catalysts give 
similar initial rates, (3 = 1.358 ± 0.05 mM min-1, [Y{N(SiMe3)2}3] = 1.092 ± 0.05 mM min
-1). At 
10 mol% of 3, and in slight excess of dibenzylamine, slow consumption of 8j can be seen 
once the reaction has completed. Whilst 8j is the only product in this reaction that has been 
characterised, the continued consumption of dibenzylamine makes (Bn2N)2SiPh2 the most 
likely product formed.  
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Graph 3.1 Graphs showing dehydrocoupling of silanes with piperidine (a, left) and dibenzylamine (b, right) 
catalysed by either 3 or [Y{N(SiMe3)2}3] as a function of time   
The most dramatic effect was seen for highly hindered 2o amines when coupling to 
phenylsilane (Table 3.6). For dicyclohexylamine, when 2.3 is used as a precatalyst, reaction 
gives a 93 % yield of 8g after just one hour at 80 oC, but requires 271 hours to reach 88 % in 
the presence of [Y{N(SiMe3)2}3]. A similar rate increase is also seen for the formation of 8h 
and 8i. Further to the previous experiments (vide supra) [Y{N(SiMe3)2}3] does not catalyse 
the reaction of di-iso-propylamine and phenylsilane at 25 oC. 
 
Table 3.6 Parallel reactions catalysed by either 3 or [Y{N(SiMe3)2}3] (in parenthesis). Reproduction of a section 
of Table 3.2  
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 To test the possibility that the difference in rate is due to catalyst inhibition by 
HN(SiMe3)2, the reaction was repeated with 3 (10 mol%) and either 10 mol% or 100 mol% 
HN(SiMe3)2 as an additive. The results of these experiments are plotted in Graph 3.2 along 
with results from using [Y{N(SiMe3)2}3] as a catalyst. It is clear that HN(SiMe3)2 has a 
negative effect on the reaction rate. However it should be noted that in both cases where 
the amine is added, reaction does occur to give 8f. This is not the case when [Y{N(SiMe3)2}3] 
is used without exogenous HN(SiMe3)2. 
 
Graph 3.2 Inhibition of catalysis with HN(SiMe3)2  
It is worth noting that transamination of the silazane N–Si bond by 3 was found to 
occur in the presence of exogenous amine, but not under the optimised catalytic conditions. 
Addition of two equivalents of n-butylamine to an isolated sample of 8b in the presence of 3 
(10 mol%) showed no reaction at room temperature. However, heating of the C6D6 solution 
at 80 oC showed formation of cyclohexylamine, as well as 8c, and (n-BuN)2SiPh2. This 
exchange does not occur under the same conditions in the absence of a catalyst.  
63 
 
3.2.4 Catalyst resting state 
The coupling between 89Y and 31P nuclei offers a useful spectroscopic probe to follow of 
the ylide fragment in experiments with 3. Monitoring catalytic preparations by 31P{1H} and 
1H NMR spectroscopy shows three distinct sets of compounds which are independent of the 
silane used: 
a) N,N-Dimethylhydrazine, n-butylamine and cyclohexylamine  – Ph3PCH2 is the only 
phosphorus containing species seen at the first time point. By 1H NMR no M–
N(SiMe3)2 environments are present, only a single peak for HN(SiMe3)2 ( +0.09ppm) 
 
b) Piperidine, t-butylamine and dibenzylamine – At the first time point by 31P{1H} NMR, 
3 ( +28.3) is no longer visible, but a new doublet is visible upfield between  +32.4 – 
32.8 ppm. In the case of dibenzylamine, two doublets are seen at  +33.1 and +33.3 
ppm.  However when these reactions are conducted with either phenylsilane or 
diphenylsilane, 3 reforms at the end of the reaction in varying quantities.  
 
c) Di-iso-propylamine, N-iso-propylcyclohexylamine, dicyclohexylamine and trans-2,6-
dimethylpiperidine – significant quantities of 3 are visible throughout the reaction. 
There is no sign of an upfield doublet as in (b). 
 
The most common decomposition pathway for 3 in the substrates tested is reduction of 
the ylide to diphenylmethylphosphine (and to a lesser extent, triphenylphosphine). 
Depending on the silane used, the corresponding silylated ylide is also seen in varying 
quantities (Chapter 2), as well as a number of uncharacterised products.  It is worth 
repeating that for the four sets of substrates that show a large dependence on 3 over 
[Y{N(SiMe3)2}3], 3 is major phosphorus containing species during catalysis. 
A stoichiometric reaction between 3 and piperidine in C6D6 resulted in clean formation 
of the in situ observed product. The reaction still occurs rapidly, however, when 
[Y{N(SiMe3)2}3], Ph3PCH2 and excess piperidine (1.2 equiv.) are dissolved in C6D6. This 
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procedure could also be applied using t-butylamine instead of piperidine. Scale up of these 
reactions gave 2b and 2c as crystalline solids in 50 % and 69 % yields respectively (Scheme 
3.12). Unlike 2a (see section 2.2.1), the 1H NMR spectrum of both 2b and 2c shows a distinct 
sharp doublet of doublets for the methylide hydrogens (2b =  1.20 ppm 2H, 2J31P-1H = 17.6Hz, 
2J89Y-1H = 2.4Hz, 2c =  1.13 ppm, 2H, 2J31P-1H = 17.6Hz, 2J89Y-1H = 2.4Hz). Whilst no N–H peak was 
observed for 2b, for 2c the N–H can be seen as a doublet at  2.18 ppm (1H, 2J89Y-1H  = 2.4 Hz). 
The coupling to 89Y was confirmed by running a 1H {31P} experiment, in which the coupling 
was still present. A single phosphorus environment was detected in each case (2b =  32.4 
ppm, 2J89Y-31P = 5.0Hz, 2c =  32.5 ppm, 2J89Y-31P = 4.9Hz), and the methylene carbon can be seen 
as a doublet of doublet by 13C{1H} NMR in both complexes (2b =  + 9.1 ppm (dd, 1J13C-31P = 1J13C 
-89Y = 31.6Hz), 2c =  + 8.0 ppm (dd, 1J13C-31P = 1J13C -89Y = 30.5Hz).  
  
Scheme 3.12 Synthesis of 2b (top) and 2c (bottom) 
Single crystal X-ray diffraction confirmed the structure of both 2b and 2c as drawn 
above (Figure 3.2). The structures are both directly analogous to that of 2a, but with a single 
–N(SiMe3)2 group replaced with either a –N(CH2)5 or –NHC(CH3)3 moiety. Whilst 
crystallographically characterised complexes with a Y–N(CH2)5 group are without precedent, 
the Y–NHC(CH3)3 bond length in 2c (2.158(2) Å) is comparable to those reported previously 
(2.179(8) Å & 2.209(8) Å).128 The Y–Cmethylide bonds in both 2b (2.5441(18) Å) and 2v 
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(2.531(2) Å) are slightly shorter than that of 2a (2.554(3)Å), most likely a consequence of the 
reduced steric congestion around the metal centre.  
Complex 2b is catalytically competent for the dehydrocoupling of piperidine and 
diphenylsilane, giving 8l with similar reaction profile to 3, as well as a similar initial rate (kinit. 
= 0.651 ± 0.01 mM min-1) to both 3 and [Y(N{SiMe3}2)3] (Graph 3.3). Unlike 2a, 2b can also 
catalyse the dehydrocoupling of di-iso-propylamine and phenylsilane giving a 92 % yield of 
8f after 44 hours at room temperature (10 mol%, C6D6). Inspection of the 
31P{1H} spectra 
shows that 2b has been completely converted to 3 by the first time point (15 min). Heating 
an isolated sample of 2b in C6D6 at 80 
oC for 18h showed no significant cyclometalation.  
 
Figure 3.2 The crystal structures of 2b (left) and 2c (right). Selected bond lengths (Å) and angles (
o
) 2b: Y(1)–
C(1) 2.5441(18), P(2)–C(1) 1.7366(17), Y(1)–N(21) 2.1781(15), Y(1)–N(31) 2.2810(14), Y(1)–N(41) 2.676(14), Y–
C(1)–P(2) 141.33(10); 2c: Y(1)–C(1) 2.531(2), P(2)–C(1) 1.730(2), Y(1)–N(21) 2.158(2), Y(1)–N(31) 2.273(2), Y(1)–
N(41) 2.2633(19), Y–C(1)–P(2) 144.39(14); 
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Graph 3.3 Graph comparing initial rates for 2b, 3 and [Y(N{SiMe3}2)3] in the synthesis of 8l 
3.2.5 Proposed Mechanisms 
The extent of the difference in catalytic activity between [Y(N{SiMe3}2)3] and 3 in 
amine-silane dehydrocoupling seems to be dependant largely on the size of the amine used. 
The nucleophilic amines with a negligible steric profile (n-butylamine, N,N-
dimethylhydrazine and cyclohexylamine) react rapidly with [Y(N{SiMe3}2)3] and 3 to displace 
all the ligands around the metal centre. The resulting complex(es) have not been 
characterised but could form species related to [Y(NHR)3(NH2R)x]x. Subsequent reaction via 
-bond metathesis would give the corresponding silazane and yttrium hydride which would 
rapidly react with another equivalent of amine (Scheme 3.13). This mechanism explains the 
similarity in rate between [Y(N{SiMe3}2)3] and 3 for n-butylamine and cyclohexylamine, but 
does not directly account for the qualitative decrease in rate for 3 relative to [Y(N{SiMe3}2)3] 
for N,N-dimethylhydrazine. However it may be possible that Ph3PCH2 is inhibiting the 
catalysis through competitive binding to yttrium in this system.  
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Scheme 3.13 Proposed mechanism for dehydrocoupling of highly nucleophilic amines with diphenylsilane by 
either [Y(N{SiMe3}2)3] or 3 
For the ylide dependant reactions, two related mechanisms can be considered which 
are largely distinguished by whether initial -bond metathesis between 3 and a substrate 
occurs at the Y–Caryl or Y–Cmethylide bond. The first possibility involves entry into the catalytic 
cycle by deprotonation of the amine by the cyclometallated ylide to form the corresponding 
[(R2N)Y(CH2PPh3)(N{SiMe3}2)2] resting state (Scheme 3.14). From here, -bond metathesis 
between the Y–N and Si–H bonds would give the silazane product forming an yttrium 
hydride. The yttrium hydride can then either deprotonate the coordinated ylide to reform 3 
(solid arrow) or it can instead directly deprotonate another equivalent of amine (dotted 
arrow). 
 
Scheme 3.14 First proposed mechanism for dehydrocoupling of amines with silanes by 3. 
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The first step in the second possible mechanism involves the addition of the silane 
across the Y–Cmethylide bond to again give a zwitterionic yttrium hydride intermediate 
(Scheme 3.15, right). Dehydrocoupling of the acidic C–H bond on the ligand would give the 
silylated equivalent of complex 3. Addition of the amine across this Y–Cmethylide bond and 
subsequent elimination of the silzane would then regenerate 3 and complete the catalytic 
cycle (solid arrow). Alternatively, the yttrium hydride intermediate could react directly with 
the amine before cyclometalation could occur (dotted arrow).  
 
Scheme 3.15 Proposed mechanism for dehydrocoupling of amines with silanes by 3. 
This mechanism has precedent in the form of stepwise addition-elimination 
reactions at rare earth centres. In 2010 the Arnold group showed that a number of E–X (E = 
Si, P, Sn, B; X = Cl, I, N) bonds could add across the M–C bond of yttrium, cerium and 
uranium N-heterocyclic carbene adducts to form isolable zwitterionic intermediates 
(Scheme 3.16).91 The group also showed that heating the product formed when Me3SiCl is 
used as a substrate gives elimination of the silazane N(SiMe3)3. The starting complex could 
also be regenerated through salt metathesis with KN(SiMe3)2. This addition-elimination 
reactivity has yet to be observed as part of a catalytic cycle and would represent a new way 
to active bonds at non-redox electrophilic metals. 
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Scheme 3.16 Ligand involvement in sequential addition-elimination reactions at rare-earth metal centres 
3.3 Future work 
This work has expanded the scope of amine-silane dehydrocoupling and shown that 
simple catalysts based on [Y{N(SiMe3)2}3] can be used to compliment the more expensive 
Yb(II) rare-earth catalysts. Further improvements to the scope of the reaction would involve 
testing a wider variety of anilines, as well as N-heterocycles. There is a significant amount of 
work to be done to understand the mechanism(s) of these transformations, particularly in 
the cases where a large rate increase is seen between 3 and [Y{N(SiMe3)2}3]. Initially, 
labelling studies with deuterated amines would shed light on the ylide involvement in this 
system. For example, observation of deuterium at either the methylene or ortho positions 
on the ylide fragment post catalysis would provide direct evidence for the involvement of 
this ligand by implying that C–H activation is a mechanistic step. Similarly, the release of HD 
gas as the sole deuterium containing product would rule out the formation of a 
cyclometalled silylated ylide intermediate. Detailed kinetic studies, as well as DFT 
calculations could be used to further elucidate the mechanism, the role of the 
cyclometallated ylide and the observed inhibition by HN(SiMe3)2. 
 
Figure 3.3 Possible precatalysts based on group two and three metals  
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The principles of metal-ligand cooperation can then be investigated in a number of 
different reactions, including amine-borane dehydrocoupling, hydrosilylation, 
intermolecular hydroamination and hydrogenation reactions. Investigations could also be 
expanded to use other chelating ligands, such as modified ylides and NHC’s to improve 
catalyst selectivity and stability. As group two metals are also highly active as catalysts in 
many dehydrocoupling reactions, this ligand acceleration could also be investigated for the 
alkaline earth metal centres (Figure 3.3).   
There is a wealth of chiral phosphines available, from which the chiral ylide can be 
synthesised.129 If the ylide fragment is playing a major role in a stereo-determining 
transition state of the proposed reactions, induction of stereochemistry would be possible 
leading to chiral products. This could not only be applied to the kinetic resolution of amines 
through enantioselective amine-silane dehydrocoupling but also the formation of new chiral 
carbon centres through intermolecular hydroamination (Scheme 3.17).  
 
Scheme 3.17 Possible chiral proligands based on CAMP
130
 and ferrocene
131
 (left) and potential asymmetric 
reactions (right)  
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4. Al–N Bond Formation by Thermal and Catalysed Dehydrocoupling Routes 
4.1 Introduction 
Although protonolysis, or dehydrocoupling, of aluminium hydrides with amines is a 
widely employed synthetic route to make Al–N bonds, these reactions can often be slow, 
particularly when hindered substrates and amines with a high pKa (>30)132 are involved.133-
135 For substrates containing more than one type of Al–H bond selectivity can also be a 
problem, particularly when either substrate is lacking in steric bulk. Catalytic approaches to 
the dehydrocoupling of amines and alanes offer an opportunity to address the issue of 
selectivity whilst vastly increasing reaction rates. Despite this, the catalytic dehydrocoupling 
of Al–H and N–H bonds has little literature precedent. Molecules which contain both an 
alane and amine/amide functionality have the potential to act as hydrogen storage 
materials136,137 and as single source precursors for CVD processes.138-142 Furthermore, 
dehydrocoupling of aluminium hydride-amide complexes has the potential to open novel 
synthetic routes to aluminium imido complexes which have previously been implicated in 
intramolecular C–H activation processes (Scheme 4.1).  
 
Scheme 4.1 C–H Activation via transient aluminium imido complexes  
4.1.1 C–H activation by d0 Imido Complexes 
4.1.1.1 Group 4 
In 1988, intermolecular C–H activation by d0 zirconium amido complexes was 
reported independently by the Bergman and Wolczanski groups. Whilst these moieties 
undergo a range of reactions, including [2+2] cycloaddition, these will not be covered in 
detail by this introduction. 143,144 
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Whilst studying the thermolysis of [Cp2Zr(NHCMe3)(Me)] in benzene, the Bergman 
group showed that [Cp2Zr(NHCMe3)(Ph)] was formed along with methane (Scheme 4.2).
145 
Whilst this reaction could potentially occur via a -bond metathesis mechanism, when the 
reaction was repeated in the presence of diphenylacetylene, the [2+2] cycloaddition 
product was formed instead. When thermolysis was undertaken in THF, no C–H activation 
took place, but instead the terminal imido complex [Cp2Zr=NCMe3(THF)] was isolated. 
Crystallographic characterisation showed a near linear Zr–N–C bond angle (174.4(3)o) and a 
short Zr–N bond length (1.826(4) Å). This complex also forms [Cp2Zr(NHCMe3)(Ph)] when an 
isolated sample is heated in benzene. The related complexes [Cp2Zr(NHR)(CH2CH2CMe3)]  (R 
= Si(CMe3)Me2, 2,6-xylyl) also react when heated in THF to give the corresponding imido 
complex.146 For C–H activation to occur, the intermediate imido must be sterically shielded 
to prevent homo-[2+2] cycloaddition. This occurs when [Cp2Zr(NHAr)(Me)] (Ar = 4-t-BuC6H4) 
is heated in benzene or THF, and no C–H activation is observed.145 
 
Scheme 4.2 C–H Activation of benzene via a transient zirconocene imido complex 
This form of C–H activation is not just limited to benzene but can also be applied to 
other aromatic systems. Whilst 1,3-disubstituted benzenes which contain electron donating 
groups (Me, OMe, t-Bu) gave mixtures of unidentified products, 1,3-dichlorobenzene 
reacted cleanly with C–H activation occurring at the 5 position (Scheme 4.3).147 When 
mesitylene was exposed to [Cp2Zr=NCMe3(THF)], C–H activation occurred at the sp
3 C–H of a 
methyl group, albeit after prolonged heating. Activation of the Cp rings was also seen to give 
the dimeric species [CpZr(NHCMe3)(
1:5-C5H4)]2. This C–H activation of cyclopentadienyl 
rings was also expanded to include other [CpML] (ML = FeCp, Re(CO)3, Mn(CO)3) complexes 
but was only clean when cyclohexane was used as a solvent. In THF, oxygen atom 
abstraction from the metal carbonyl groups is competitive, giving [(Cp2Zr)2(-O)(-N(CMe3)].  
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Scheme 4.3 Activation of sp
2
 C–H bonds by 1,2-addition across a zirconocene imido complex 
In 2004, the group showed that rac-[(EBTHI)Zr(NHCMe3)(Me)] could activate the sp
3 
C–H bonds of a number of aliphatic hydrocarbons, including tetramethylsilane, n-pentane 
and hexanes (n-hexane, 2-methylpentane, 3-methylpentane and 2,2-dimethylbutane) 
(Scheme 4.4).148 In all cases, the least hindered 1o C–H bond was activated. When 
thermolysis was undertaken in C5D12, rac-[(EBTHI)Zr(NDCMe3)(C5D11)] and CH4 were 
produced, ruling out a -bond methathesis mechanism. This reactivity was later shown to 
be applicable to the mixed Cp system, [Cp*CpZr(NHAr)(Me)] under milder conditions (45 
oC).149 
 
Scheme 4.4 Activation of sp
2
 and sp
3
 C–H bonds by rac-[(EBTHI)Zr(NHCMe3)(Me)] 
Whilst [2+2] cycloaddition is the most common reaction between alkynes and and 
imido moieties,143 C–H activation of terminal alkynes can also occur. [Cp*2Ti=NPh] can be 
readily synthesised through the reaction of [Cp*2Ti(
2-C2H4)] with phenylazide. Subsequent 
reaction of this base-free imido complex with either phenylacetylene or 
trimethylsilylacetylene gives the corresponding acetylide complex.150 This reaction occurs 
rapidly, even at -70 oC and no azametallacyclobutene complexes are observed as 
intermediates. Whilst [Cp*2Ti(
2-C2H4)] reacts with acetylene to give the 
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azametallacyclobutene product, acetylene undergoes contrasting reactions with 
[Cp2Zr=NCMe3(THF)] producing a dinuclear complex bridged by both a carbon and a 
nitrogen (Scheme 4.5). Heating of this complex gives a double C–H activated alkynyl bridged 
complex, [Cp2Zr(NHCMe3)2(-CC)].
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Scheme 4.5 Synthesis of [Cp2Zr(NHCMe3)2(-CC)] 
Whilst studying the thermolysis of zirconium tris-amino alkyl complexes [(t-
Bu3SiNH)3ZrR] (R = Me, Ph, Cy), the Wolczanski group showed that in each case, when the 
reaction was conducted in benzene, [(t-Bu3SiNH)3ZrPh] was formed along with one 
equivalent of methane (Scheme 4.6).152 Like the systems based on zirconocene imidos, a 
wealth of evidence showed that this reaction was not occurring via a -bond metathesis 
mechanism. Deuteration of the N–H protons led to the production of CH3D as the sole 
deuterium containing product post thermolysis when R = Me. Similarly, when the reaction 
was conducted in C6D6 with the proteo-substrate, [(t-Bu3SiND)3ZrC6D5] was isolated and no 
CH3D was observed. These data imply a reaction that is not only reversible, but that is 
occurring via 1,2-addition across a transient imido moiety. Heating [(t-Bu3SiNH)3ZrPh] in THF 
for 45 minutes allowed the isolation of the imido intermediate as the THF adduct, [(t-
Bu3SiNH)2Zr=NSi(t-Bu3)(THF)], which was later crystallographically characterised.
153 
Significantly heating of [(t-Bu3SiNH)3ZrCy] with three atmospheres of methane in 
cyclohexane gave the methane activation product, [(t-Bu3SiNH)3ZrMe].
152, 154 Later studies 
showed that this C–H activation was applicable to other hydrocarbons including 
cyclopropane.153 
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Scheme 4.6 Thermolysis of [(t-Bu3SiNH)3ZrR] in benzene  
Attempts to synthesise [(t-Bu3SiNH)3TiR] (R = Me, t-Bu) by reacting [(t-Bu3SiNH)3TiX] 
(X = Cl, Br)  with the corresponding alkyl lithium in diethyl ether failed, with the solvated 
imido, [(t-Bu3SiNH)2(Et2O)Ti=NSit-Bu3] being isolated instead.
155 This complex activates the 
C–D bond of C6D6, however unlike the related zirconium species, [(t-Bu3SiND)3TiC6D5] is not 
observed. Instead H/D exchange is the outcome of the reaction with [(t-
Bu3SiND)2(Et2O)Ti=NSit-Bu3] formed. C–H activation by the transient imido complex [(t-
Bu3SiNH)2Ti=NSit-Bu3] was observed for a wide range of hydrocarbons including ethane, 
neohexane, cyclopropane, cyclobutane, cyclopentane, mesitylene and both the sp2 and sp3 
C–H bonds of toluene. The replacement of two silazane ligands with siloxanes allows the 
isolation of the alkyl products, [(t-Bu3SiO)2(t-Bu3SiNH)TiR] (R = Me, Et, CH2Ph, CH=CH2 
etc).156, 157 This system behaves similarly to the previous Zr system, as thermolysis of these 
complexes in C6D6 gave [(t-Bu3SiO)2(t-Bu3SiND)TiC6D5]. The rate of methane elimination 
from [(t-Bu3SiO)2(t-Bu3SiND)TiMe] was found to be 460 times faster than from [(t-
Bu3SiNH)3ZrMe] and 230,000 times faster than from [(t-Bu3SiNH)3HfMe].
157 
4.1.1.2 Group 5 
C–H activation by 1,2-addition has also observed for related group 5 complexes. In 
1993 the Horton group reported the synthesis of [(t-Bu3SiNH)2(Me)V=NSit-Bu3] in two salt 
metathesis steps from [(t-Bu3SiNH)(Cl)2V=NSit-Bu3].
158 This sterically encumbered imido 
complex readily loses methane upon heating to form a highly reactive, three coordinate bis-
imido that activates the sp3 C–H bond of methane, n-hexane and mesitylene (Scheme 4.7). 
When the thermolysis is undertaken in cyclohexane, intramolecular C–H activation occurs. 
The reactive intermediate could be trapped in a similar fashion to the group 4 complexes by 
heating the precursor in coordinating solvent (Et2O, THF, pyridine/C6H12). In the same year, 
Wolczanski and Schaller reported the C–H activation of benzene by the analogous tantalum 
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complex, along with [(t-Bu3SiNH)2(Ph)Ta=NSit-Bu3], double C–H activation of benzene was 
also observed to give [({t-Bu3SiNH}2Ta=NSit-Bu3)2(-C6H4)].
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Scheme 4.7 Inter- and intramolecular C–H activation by 1,2-addition across a V=N bond 
Cyclopentadienyl supported tantalum complexes have also been shown to activate 
C–H bonds, though their scope has been limited. For example, prolonged heating of [Cp*(t-
BuNH)(Me)Ta=Nt-Bu] in benzene at 220 oC produces [Cp*(t-BuNH)(Ph)Ta=Nt-Bu].160 When 
the reaction is repeated in toluene, inseparable mixtures of the meta and para activated 
aryl ring are obtained. Whilst it is likely that this reaction is proceeding via 1,2-addition 
across a transient [Cp*Ta(=Nt-Bu)2] intermediate, no isotopic labelling studies have been 
reported, and attempts to trap this intermediate with THF, Et2O and pyridine failed. Cationic 
mono-imides of tantalum are also capable of activating C–H bonds. Hydride abstraction 
from [Cp*2(H)Ta=Nt-Bu] in THF with [Ph3C][B(C6F5)4] gives [Cp*2(THF)Ta=Nt-Bu][B(C6F5)4].
161 
When the cationic complex is exposed to methylacetylene or phenylacetylene, the terminal 
C–H bond is activated giving the corresponding acetylide complex. When the hydride 
abstraction on [Cp*2(H)Ta=Nt-Bu] is attempted in C6D6, a tuck-in complex is formed through 
intramolecular C–H activation of a methyl group on the Cp* ring.  
4.1.1.3 Group 3 
In 2004, the thermolysis of -diketiminate stabilised amine alkyl scandium 
complexes in C6D6 was reported (Scheme 4.8).
162 Heating [BDI’Sc(Me)(NHt-Bu)] (BDI’ = 
{DippNCt-Bu}2CH) at 60 
oC for eight hours in benzene gave loss of methane, but 
intramolecular C–H activation of an iso-propyl methyl group was seen instead of 
[BDI’Sc(Ph)(NHt-Bu)]. Whilst this chemistry appears broadly analogous to the 1,2-addition 
chemistry mentioned previously, the presence of a Sc=N moiety was discounted based on 
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isotopic labelling studies. Hence, thermolysis of [BDI’Sc(Me)(NDt-Bu)] did not give release of 
CH3D, making a -bond metathesis pathway more probable. The same result was later 
obtained through methyl group abstraction with B(C6F5)3 followed by treatment with the 
super base ({Me2N}3P=N)3P=Nt-Bu.
163 Again, isotopic labelling studies argued against the 
formation of a transient scandium imido complex.  
 
Scheme 4.8 Intramolecular C–H activation by thermolysis of  [BDI’Sc(Me)(NHt-Bu)] 
In 2013, inspired by the work of Chen and co-workers (vide infra) the group repeated 
the thermolysis of [BDI’Sc(Me)(NHt-Bu)] in the presence of DMAP.164 Methane is still 
produced, but no cyclometalation was observed and the product is assigned as [BDI’Sc=Nt-
Bu(DMAP)] (Scheme 4.9). Reaction of this complex with phenylacetylene gave activation of 
the terminal C–H bond to form the amide acetylide complex.  
 
Scheme 4.9 Synthesis of a terminal scandium imido complex 
The Mindiola group have invoked transient scandium imide moieties in the C–H 
activation of N-heterocycles.165 Treatment of PNP-stablised scandium alkyl amido complexes 
with pyridine gives cyclometalation at room temperature (Scheme 4.10).  The reaction with 
d5-pyridine cleanly gives [(PNP)Sc(NDDipp)(
2-NC5D4)] with no sign of CH3D ruling out direct 
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-bond metathesis with the Sc–C bond. When the size of the alkyl group is increased (either 
Sc–CH2C(CH3)3 or Sc–CH2Si(CH3)3) cyclometalation of C6D6 occurs at 70 
oC. Similarly, 
deuterium incorporation only occurs at the amino group. When 2,6-dimethylpyridine is used 
as a substrate, the sp3 C–H bond of the methyl group is metallated.166 This is also the case 
for 2-methylpyridine, though activation of the sp2 C–H bond at the 6 position is competitive. 
 
Scheme 4.10 Cyclometalation of pyridine via a scandium imido  
Functionalisation of [(PNP)Sc(NHAr)(2-NC5H4)] with isonitriles is facile and gives the 
corresponding mono- and bis-imino ortho substituted pyridines in good yields.167 When 
pyridine and 2,6-di-iso-propylphenyl isocyanide are used as substrates, the reaction can be 
rendered catalytic if heated at 90 oC for 45 hours. In 2010, the first stable terminal scandium 
imido complex was isolated (Scheme 4.11a).168 This -diketiminate supported complex is 
stabilised by a pendant neutral donor, as well as through coordination of DMAP. 
Coordinated DMAP can be removed by adding a trialkylborane (BBN-CH2CH2t-Bu) leaving 
the coordinatively unstaturated imido which undergoes intramolecular C–H activation of a 
methyl group on the Dipp moiety.169 When repeated in the presence of 1-pentene or 3,3-
dimethyl-1-butene, activation of a terminal C–H bond occurs preferentially to yield the 
trans-alkenyl complexes. Reaction of the base stabilised terminal imido complex with 
selenium gave the formation of a new C–Se bond at the 2-position of DMAP (Scheme 
4.11a).170 When the pendant arm is modified to contain two neutral amine donors, imido 
generation is possible without an exogenous base.  In this case, reaction with selenium gives 
a C–Se bond at a methyl group on the pendant arm (Scheme 4.11b). 
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Scheme 4.11 Selenylation of sp
2
 (a, left) and sp
3
 (b, right) C–H bonds 
4.1.1.4 Aluminium 
Early work on the synthesis of aluminium imido complexes mirrored the thermolytic 
elimination of alkanes mentioned previously for group 4 complexes. It has not yet been 
possible to synthesise monomeric Al=N functionalities by this route as either oligomeric 
species are formed, or the high temperatures required cause side reactions, such as C–H 
activation.171 For example, when 2,4,6-tri-t-butylanilino(dimethyl)alane is heated at 210 oC 
for four hours, methane elimination occurs, and C–H activation of one t-Bu group gives 
cyclometalation of the ligand.172 Similarly, when AlMe3 is heated to reflux in toluene in the 
presence of diphenylamine, cyclometalation occurs to give [{Me(-NPh2)Al}2NPh(-C6H4)] 
though no comments are made on the mechanism of this transformation.173 In 2001, a 
different approach to the synthesis of terminal group 13 alanes was taken in a joint venture 
between the Power and Roesky groups. Reaction of a -diketiminate stabilised M(I) (M = Al, 
Ga) complex with a highly sterically hindered azide, N3-2,6-Trip2C6H3 (Trip = 2,4,6-i-Pr3C6H2) 
gave the corresponding terminal imido complex as an isolable solid (Figure 4.1).174 Whilst 
the aluminium complex could not be crystallographically characterised, this was not the 
case for the gallium complex which has a short Ga=N bond length of 1.742(3) Å. 
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Figure 4.1 Terminal group 13 imido complexes 
Four years later, the groups reported the reaction of the same BDIAl(I) starting 
material with 2,6-di-iso-propylphenylazide.175 Two complexes were isolated that were 
thought to have arisen from intramolecular reaction with an intermediate imido moiety 
(Scheme 4.12).  The first is formed by 1,2-addition of a sp3 C–H bond on one of the Dipp 
groups on the -diketiminate ligand. The second is formed by [2+2] cycloaddition of an aryl 
ring with the imido group. This [2+2] cycloaddition was shown to be reversible, as heating 
this isolated product at 50 oC for 24 hours gave the 1,2-addition product. This C–H activation 
could not be applied generally, and reaction of BDIAl(I) with less bulky azides RN3 (R = 1-Ad, 
Ph3Si, t-Bu3Si
176 and Me3Si
177) gave various cycloaddition products.  
 
Scheme 4.12 Intramolecular 1,2-addition and [2+2] cycloaddtion via a proposed aluminium imido complex 
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Recently the first crystallographically characterised terminal aluminium imido 
complex was reported through ring contraction of a -diketiminate supported Al(I) complex 
when reacted with an NHC (Scheme 4.13).178 Ring contraction of -diketiminate systems has 
been shown previously to form imido complexes of group 4179, 180 and 5 metals.181 The 
crystal structure of this complex shows an Al=N bond of 1.705(2) Å, which is considerably 
shorter than any other reported Al–N bond. Reaction of this complex with phenylacetylene 
gives activation of the sp C–H bond to form the corresponding amide acetylide complex.  
 
Scheme 4.13 Synthesis of a terminal aluminium imido complex through -diketiminate ring contraction 
4.1.2 Catalytic Dehydrogenation of Amine-Boranes by d0 Metal Centres 
In 1984, Sneddon and Corcoran Jr. showed that [PtBr2] could catalyse the 
dimerisation of B5H9 to give 1:2’-(B5H8)2.
182 The following year Harrod and co-workers 
demonstrated the formation of polysilanes via the catalytic dehydrocoupling of phenylsilane 
by [Cp2TiMe2].
183 Since these two landmark papers there has been a wealth of publications 
on metal-catalysed dehydrocoupling. Despite this, the first significant study on the 
dehydrogenation of group 13/group 15 adducts was not reported until 1999 when the 
Manners group showed that Rh based catalysts could dimerise diphenylphosphine-
borane.184 Catalysts based on a variety of transition metals have since been shown to 
remove hydrogen from amine-phosphines and amine-boranes,185-187 but until recently the 
reactivity of main group reagents towards the latter substrates was limited to stoichiometric 
dehydrogenation.188 
 
82 
 
4.1.2.1 Group 2 metal catalysts 
In 2009, the Harder group demonstrated that [BDIMgN(SiMe3)2] could catalyse the 
dehydrocoupling of H3BNH2(Dipp) to give HB{NH(Dipp)}2 and BH3 (Scheme 4.14).
189 This 
reaction is facile giving the diamido-borane in 98 % yield at 20 oC overnight. It is worth 
noting that whilst this reaction does occur without a catalyst the reaction is slow and high 
conversions are not obtainable. This is not the case for less sterically hindered aromatic 
amine-boranes H3BNH2Ar (Ar = Ph, para-MeOC6H4, p-CF3C6H4) which undergo 
dehydrocoupling under ambient conditions in solution, and even in the solid state, though 
the latter reactions can take months if not a year.190  
 
Scheme 4.14 Magnesium catalysed dehydrocoupling of amine-boranes 
In 2010, the Hill group reported that homo- and heteroleptic amides and alkyl 
complexes of group two metals can catalyse the dehydrogenation of H3BNMe2H.
191 The 
observation of Me2N=BH2 as well as metal hydride species during catalysis lead the group to 
propose the mechanism shown in Scheme 4.15. Reaction of in-situ generated Me2N=BH2 
with the metal amido-borane gives an intermediate which can either undergo -hydride 
elimination to give HB(NMe2)2 or  hydride elimination to give (H2BNMe2)2. 
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Scheme 4.15 Proposed mechanism for the dehydrocoupling of Me2NHBH3 by group two metals 
 Very recently the group also reported the dehydrogenation of t-BuNH2BH3 with 
calcium catalysts.192 Heating the amine-borane at 60 oC for 138 hours with 5 mol% of a  
-diketiminate stabilised calcium silylamide catalyst gave a number of species, with [t-
BuNHBH2]2 formed as a major product (Scheme 4.16). Significant quantities of the cyclic 
borazine [t-BuNBH]3 (20 %) were also identified in the product mixture. When 
[Ca{N(SiMe3)2}2]2 was instead used as a catalyst, a different product distribution was seen 
after 232 hours at 70 oC, with the borazine now the major product (67 % yield).  
 
Scheme 4.16 Calcium catalysed dehydrocoupling of t-BuNH2BH3 
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4.1.2.2 Aluminium catalysts 
In 2011, the Wright group demonstrated that homoleptic aluminium amides can act 
as catalysts for the dehydrogenation of amine-boranes. For example, [Al(NMe2)3] is capable 
of dehydrocoupling Me2NHBH3 to give (Me2NBH2)2 as a major product, along with 
(Me2N)2BH as a minor product (Scheme 4.17).
193 Stoichiometric studies allowed the 
isolation of a bis-aminoborane stabilised aluminium hydride. This species was also an active 
catalyst for this reaction giving a 6:1 (Me2NBH2)2: (Me2N)2BH mixture with a 5 mol% loading 
after 48 hours at 50 oC.  
 
Scheme 4.17 Dehydrocoupling of Me2NHBH3 by a bis-aminoborane stabilised aluminium hydride catalyst 
The catalytic dehydrogenation of i-Pr2NHBH3 and t-BuNH2BH3 was also possible with 
[Al(NMe2)3], though initial amide exchange leads to formation of (Me2NBH2)2 as a by-
product in both cases.194 This can be avoided for i-Pr2NHBH3 by using [Al(Ni-Pr2)3] as a 
catalyst, and the reaction now gives quantitative conversion to i-Pr2N=BH2 after 2 hours at 
60 oC. Whilst an aluminium hydride containing species was isolated during stoichiometric 
studies, in this case the dimeric dihydride, [H2Al(-Ni-Pr2)]2 was formed. This species can be 
observed during catalysis and is itself catalytically competent for the dehydrogenation 
(Scheme 4.18). When t-BuNH2BH3 is exposed to catalytic quantities of [Al(NMe2)3], 
oligomerization occurs to form the corresponding borazine, (t-BuNBH)3. Further to the 
implication of aluminium hydrides as intermediates in these systems, the group recently 
reported that LiAlH4 is able to dehydrocouple Me2NHBH3, though the reaction is slower than 
that observed for [Al(NMe2)3].
195 
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Scheme 4.18 Proposed mechanism for the dehydrocoupling of i-Pr2NHBH3 by [Al(Ni-Pr)3] 
4.1.2.3 Group 3 metal catalysts 
The first example of dehydrogenation of an amine-borane by group 3 metal catalysts 
were reported by the Hill group in 2010.196 They showed that yttrium and scandium amides 
could react with Me2NHBH3 in a similar manner to that seen with their group 2 analogues, 
forming (Me2NBH2)2 as the major product. When 3 mol% of [Y{N(SiMe3)2}3] is heated with 
the amine-borane at 60 oC, complete consumption is seen after 12 hours giving the cyclic 
dimer in >90 % yield (Scheme 4.19). The same reaction catalysed by [Sc{N(SiHMe2)2}3(THF)2] 
gave (Me2NBH2)2 in an almost quantitive yield after just one hour at 60 
oC. The reactivity of 
metal amides towards this substrate follow the trend Sc > Y > Mg > Ca and the authors 
propose that the greater charge density allows the metal centre to better mediate the 
dehydrogenation. 
 
Scheme 4.19 Group three catalysed dehydrocoupling of Me2NHBH3 
Based on the implication of metal hydrides in the mechanisms of group 2 and group 
3 metal catalysed amine-borane dehydrogenation, the Okuda group showed that rare-earth 
metal hydride clusters [(1,7-Me2TACD)LnH4]4 (1,7-Me2TACD = 1,7-dimethyl-1,4,7,10-
tetraazacyclododecane, Ln = La, Y) are also able to dehydrogenate Me2NHBH3. Both 
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complexes gave a similar product distribution of (Me2NBH2)2 : HB(NMe2)2, 4 : 1 respectively 
however whilst the La catalyst gave complete conversion after 2 hours at 60 oC in d8-THF 
with a 2.5 mol% loading, the Y catalyst required 48 hours under the same conditions.197  
Currently, the most active rare-earth catalyst for the dehydrogenation of Me2NHBH3 is 
[(C5H5BMe)2Y{CH(SiMe3)2}] (Scheme 4.20). With just a 0.5 mol% loading in C6D6 the 
boratabenzene supported yttrium catalyst gives complete conversion of the substrate to 
(Me2NBH2)2 in 98 % yield after 11.7 min at 50 
oC. 
 
Scheme 4.20 Dehydrogenation of Me2NHBH3 by [(C5H5BMe)2Y{CH(SiMe3)2}] 
4.2 Results and Discussion 
4.2.1 Synthesis of Aluminium Hydrides Supported by N-Donors 
4.2.1.1 Aluminium Mono-hydrides 
Ethylene bridged diamine ligands can be made simply via a two-step literature 
procedure.198, 199 Reaction of mesitylamine or 2,6-di-iso-propylamine with glyoxal in 
refluxing ethanol gives the corresponding diimine. This diimine can then be readily reduced 
using LiAlH4 to the ethylene bridged diamine. Reaction of Me3NAlH3 with both ligands is 
facile in diethyl ether, giving 9a and 9b in 39 % and 45 % yield respectively following 
recrystallisation from toluene (Scheme 4.21).  
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Scheme 4.21 Synthesis of 9a and 9b 
In both cases, -NMe3 remains coordinated to the aluminium in the product, as 
evidenced by 1H NMR spectroscopy as a nine proton singlet upfield from Me3NAlH3 ( 1.99 
ppm) at  1.63ppm (9a) and  1.71ppm (9b). The 1H NMR spectrum of 1 shows a singlet four 
proton resonance at  6.99 ppm corresponding to the Ar–H nuclei. Whilst a singlet six 
proton resonance is seen for the two para-methyl groups on the ligand ( 2.28 ppm), two 
exceedingly broad six proton resonances are seen for the four ortho-methyl groups ( 2.43 
ppm and  2.80 ppm), characteristic of hindered rotation around the N–Cmesityl bond. 
Variable temperature 1H NMR on 9a in C7D8 solution between 193 K and 353 K showed a 
coalescence of these peaks at 308 K which corresponds to a barrier of rotation of around 15 
kcal mol-1.200 In the 1H NMR spectrum of 9b however, no peak broadening is observed at 25 
oC. Instead two distinct iso-propyl methine resonances are seen (2H, 3.84 ppm, 3J1H-1H = 6.8 
Hz; 2H, 4.32 ppm 3J1H-1H = 6.8 Hz) which couple to four doublets each integrating to six 
protons at 1.25 ppm, 1,38 ppm, 1.47 ppm and 1.62 ppm (3J1H-1H = 6.8 Hz). No coalescence 
was observed at the temperature limit of the experiment (383 K). This gives rise to a 
minimum barrier of rotation of 20 kcal mol-1, reflecting the increased steric demand of the 
Dipp group compared to that of Mes. X-ray crystallography confirmed the structure of both 
9a and 9b. Complex 9a shows Al–N bond lengths (1.8130(9), 1.8224(9) and 2.0253(10) Å) 
that are consistent with the corresponding propylene bridged, Dipp substituted complex 
reported by Roesky and coworkers in 2003 (1.820(1), 1.828(1) and 2.024(2) Å) (Figure 
4.2).201 Complex 9b crystallised with four independent molecules in the asymmetric unit. 
The Al–NMe3 bond lengths vary between 2.007 (5) Å and 2.017 (5) Å whilst the remaining 
Al–N bond lengths vary between 1.796(4) Å and 1.831(4) Å. 
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Figure 4.2 The crystal structure of 9a and 9b. Selected bond lengths (Å) and angles (
o
) 9a: Al(1)–N(1) 1.8130(9), 
Al(1)–N(4) 1.8224(9), Al(1)–N(30) 2.0253(10), N(1)–Al(1)–N(4) 93.27(4), N(1)–Al(1)–N(30) 113.26(5), 9b (one 
molecule from the asymmetric unit): Al(1B)–N(1B) 1.810(4), Al(1B)–N(4B) 1.818(5), Al(1B)–N(30B) 2.012(5), 
N(1B)–Al(1B)–N(4B) 94.2(2), N(1B)–Al(1B)–N(30B) 112.8(2),  
The reactivity of the aforementioned aryl substituted ethylene bridged diamine 
ligands complements the work of Raston and co-workers who reported the reaction of 
Me3NAlH3 with the t-butyl substituted derivatives (Scheme 4.22). Coordination of NMe3 is 
not observed in the product, but instead the aluminium dihydride is isolated, supported by 
amine/amino chelating ligand.202 Whilst it is claimed that isolated samples of this compound 
are stable with regards to further H2 loss up to 215 
oC, later studies claimed that this 
complex could not be isolated and is only stable at low temperature.203 Upon H2 loss, a 
dimeric species is formed, in this case as the trans isomer.  However, when the reaction is 
repeated with [LiAlH4], and the ligand/alane solution is heated at 50 
oC for 24 hours, 
formation of both the cis and trans isomers in a 9:1 ratio (respectively) is seen.  
 
Scheme 4.22 Synthesis of dimeric alanes 
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Thermolysis of complexes 9a and 9b was undertaken in an attempt to remove the 
coordinated trimethylamine. An isolated sample of 9b was heated under dynamic vacuum 
(1 x 10-2 mbar). At 120 oC, sublimation of 9b was observed and continued heating from 120 
oC to 160 oC gave a rise in pressure from 1 x 10-2 to 5.0 x 10-2 mbar. Heating was continued 
for an hour until the pressure had reduced back to the starting level (1 x 10-2 mbar). 
Extraction of the resulting solid into toluene followed by recrystallistation gave cis-10 in 32 
% yield (Scheme 4.23). Treatment of 9a under the same conditions gave a poorly 
characterised solid that was insoluble in both C6D6 and CD2Cl2.  
 
Scheme 4.23 Synthesis of cis-10 
The 1H NMR spectrum of cis-10 shows no nine proton resonances that can be 
assigned to coordinated trimethylamine. The spectrum is however, highly desymmetrised 
compared to 9b (Figure 4.3). Four distinct septets assigned to the isopropyl methine protons 
are seen which couple to eight distinct doublets between  0.88ppm and  1.49ppm. The 
methylene protons on the ligand backbone are now diastereotopic, appearing as four 
multiplets with chemical shifts varying dramatically between  2.46ppm and  4.95ppm. 
These data are consistent with those reported by Raston for the cis-dimer mentioned above, 
which shows four methylene environments between  2.8 ppm and  4.0 ppm. Heating a 
sample of cis-10 in C6D6 at 80 
oC with either triethylamine or N,N-dimethyltoluidene did not 
give any reaction. Similarly no evidence of triethylamine coordination was observed during a 
1H variable temperature C7D8 NMR between 298 K and 383 K. These data support non-
reversible desolvation of 9b to give cis-10. 
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Figure 4.3 
1
H NMR of cis-10 in C6D6 
Single crystals of cis-10 were grown from a -20 oC toluene solution and X-ray 
diffraction confirmed the structure as drawn with a cis-arrangement of the hydrides 
observed (torsion angle148.5o) (Figure 4.4). As expected, the Al–Nterminal distances 
(1.8163(11) and 1.8167(10) Å) are significantly shorter than the Al–Nbridging distances 
(1.9692(10) – 2.0261(10) Å). It is also worth noting that the distance between the two 
aluminium centres (2.7800(5) Å) is far greater than the sum of the covalent radii (2.42 Å), 
but slightly shorter than that seen in the cis-dimer reported by Raston (2.789 Å).204  
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Figure 4.4 The crystal structure of cis-10. Dipp groups removed for clarity. Full structure can be found as 
Appendix 3. Selected bond lengths and interatomic distances (Å): Al(1)–N(4) 1.8167(10), Al(1)-N(31) 
1.9848(10), Al(1)-N(1) 2.0261(10), Al(2)-N(34) 1.8163(11), Al(2)-N(1) 1.9692(10), Al(2)-N(31) 2.0345(10),  
Al(1)-Al(2) 2.7800(5) 
Wolczanski et al have shown that metal imido moieties can be generated by 1,2-
elimination from complexes supported by sterically bulky 1o amides (vide supra). Ligands 
based on substituted terphenyl groups can provide significant steric protection to metal 
centres. A commonly employed example is Ar*N(H)SiMe3  
(Ar = 2,6-bis(diphenylmethyl)-p-tolyl) which has been used to stabilise a digermyne205 and 
has also been used to synthesise mono-coordinate M(I) anilides (M = Ga, In, Tl).206 However, 
in contrast to its silazane derivative, crystallographically characterised [Ar*NHM] complexes 
are yet to be reported, though it is worth mentioning that the borane adduct, 
[(Ar*NH2)(BH3)] has been previously isolated.
207  
The reaction between two equivalents of Ar*NH2 and Me3NAlH3 in toluene allows 
the isolation of 11 in 55 % yield (Scheme 4.24).  In C6D6, the 
1H NMR resonance for the NMe3 
group ( 1.42 ppm) is more shielded compared to both 9a and 9b. Both anilide ligands are 
equivalent, with only one resonance seen for the four methine protons ( 6.32 ppm) and the 
four aromatic protons on the central anilide ring ( 6.95 ppm).  
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Scheme 4.24 Synthesis of 11 
Crystals suitable for X-ray crystallography were obtained through recrystallisation 
from toluene. The Al–NMe3 bond length of 2.0220(14) Å is almost identical to that seen in 
9a (2.0253(10) Å) and comparable to that of 9b (2.007 (5) - 2.017 (5) Å). The Al–Nanilide bond 
distances of 1.8134(15) and 1.8298(15) Å are longer than that of [(Ar*{Me3Si}N)AlH2]2 
(1.8050(18) Å) despite the parent anilide being more nucleophilic than its silazane 
counterpart (Figure 4.5).206 This is most likely a reflection on the steric requirements of two 
Ar* groups existing in a single aluminium coordination sphere. Whilst uncertainty in the 
location of the N–H protons prevents the discussion of accurate torsion angles between the 
Al–H and N–H atoms, an anti-confirmation appears to be adopted based on the geometry at 
the nitrogen atoms.  
Reactions of Me3NAlH3 with the aniline in alternate stoichiometries failed to give 
clean products. A 1:1 stoichiometry in C6D6 returned 11 and a product assigned as 
[(Ar*NH)AlH2NMe3] in a 1:0.7 ratio respectively. Addition of excess Ar*NH2 to the NMR tube 
gave complete consumption of the proposed mono-adduct to 11. Furthermore, prolonged 
heating of a C6D6 solution of 11 with one equivalent of Ar*NH2 at 80 
oC gave no reaction. 
These data show a strong kinetic and thermodynamic preference for the formation of the 
bis-anilide over the equivalent mono- and tris- complexes.  
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Figure 4.5 The crystal structure of 11. Selected bond lengths (Å) and angles (
o
) Al(1)–N(41) 1.8134(15), Al(1)-
N(1) 1.8298(15), Al(1)-N(35) 2.0220(14), N(41)-Al(1)-N(1) 114.82(7), N(41)-Al(1)-N(35) 99.36(6), N(1)-Al(1)-
N(35) 99.36(6) 
Trimethylamine is tightly bound to aluminium in this system. Prolonged heating of a 
C6D6 solution of 11 with ten equivalents of triethylamine showed no evidence of ligand 
exchange and attempts to desolvate the complex by thermolysis under dynamic vacuum (3 
x 10-2 mbar, 170 oC) for two hours returned the starting material. Initial attempts to 
catalytically dehydrogenate this molecule have also been unsuccessful. Exposure of C6D6 
solutions of 11 to various readily available dehydrogenation catalysts at 10 mol% loadings, 
[(Ph3P)3RhCl], [Cp2TiCl2], [Ca(N{SiMe3}2)2]2, [Y(N{SiMe3}2)3] and 3, gave no significant reaction 
despite prolonged heating at 80 oC (Scheme 4.25). The addition of neohexene to these 
reactions was also attempted, as hydrogenation of this alkene has been used previously by 
the group to remove H2 from closed systems.
208 This substrate also has the potential to trap 
a transient aluminium imido moiety by undergoing [2+2] cycloaddition however, no 
subsequent reactivity was observed. A plausible explanation for the lack of dehydrogenation 
may be that the steric protection provided by the anilide ligands is too severe to allow the 
catalyst to approach. 
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Scheme 4.25 Failed catalytic dehydrocoupling of [(Ar*NH)2AlHNMe3] 
4.2.1.2 Aluminium bis-hydrides 
The synthesis of -diketiminate proligands is well established and involves the acid 
catalysed condensation of two equivalents of the required aniline with 2,4-pentanedione. 
The synthesis of 12a – 12c was achieved following literature known procedures by reacting 
the proligand with either Me3AlH3 or LiAlH4 (Scheme 4.26).
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Scheme 4.26 Synthesis of -diketiminate stabilised alanes 
As previously mentioned, the Chen group used a tridentate -diketiminate ligand to 
stabilise a terminal scandium imido complex. Based on this reactivity it was hypothesised 
that this ligand could also provide adequate stabilisation to allow the formation of an Al=N 
moiety. Complex 13a could be formed by reacting the proligand with either LiAlH4 or 
Me3NAlH3 (Scheme 4.27). The latter route is preferential as it gives a higher yield (52 % 
opposed to 29 %) and the sample is analytically pure after washing with hexane, negating 
the need for recrystallisation. 
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 Scheme 4.27 Synthesis of a 5-coordinate -diketiminate stabilised alane, 13a 
X-ray crystallography confirmed that in the solid state, the pendant arm is 
coordinated to the metal centre giving a five coordinate trigonal bipyramidal aluminium 
complex (Figure 4.6). Two independent molecules are observed in the asymmetric unit with 
both showing that the ligand adopts a meridional configuration, with coordination through 
two axial and one equatorial nitrogen donors. The preference for X-type ligands to sit in the 
equatorial plane is well established as seen for the hydrides in complexes of the general 
formula [L2AlH3] (L = NMe3, THF, quinuclidine).
212-214 Further to this, the nitrogen in the 
equatorial plane is more anionic in character, as highlighted by the localised bonding in the 
-diketiminate backbone; The C–Nax bond lengths (1.3242(13) Å and 1.3215(13) Å) are 
slightly shorter than the C–Neq bond lengths (1.3431(13) Å and 1.3370(16) Å). As expected, 
the Al–Nax lengths (2.0104(9) Å and 2.0055(9) Å) are consequently longer than those of the 
Al–Neq bonds (1.9398(8) Å and 1.9359(10) Å), and the Al–N bond lengths for the pendant 
nitrogen are the longest at 2.1976(9) Å and 2.1821(10) Å. The Nax–Al–Nax angles are close to 
linear at 171.38(4)o and 172.64(4)o. 
Whilst the 1H NMR spectrum of 13a shows the two methylene environments on the 
pendant arm as two distinct triplets, each integrating to two protons each ( 2.20 ppm, 3J1H-
1H = 6.4Hz; 2.76ppm, 3J1H-1H = 6.4Hz) these data do not establish the coordination number of 
aluminium in solution. 1H-15N HMBC NMR data show three magnetically distinct nitrogen 
environments (Figure 4.7). The NMe2 group is observed at  +28.1 ppm, whilst the two -
diketiminate nitrogens are observed at  +140.5 ppm (NCH2CH2NMe2) and  +206.4 ppm 
(N–Dipp). These data are consistent with the localised bonding picture seen in the solid 
state. 
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Figure 4.6 The crystal structure of 13a. Selected bond lengths (Å) and angles (
o
) for one molecule in the 
asymmetric unit: Al(1A)–N(1A) 2.0104 (9), Al(1A)–N(5A) 1.9398(8), Al(1A)–N(8A) 2.1976(9), N(1A)–Al(1A)–
N(5A) 91.76(4), N(5)–Al(1A)–N(8A) 80.93(3), N(1A)–Al(1A)–N(8A) 172.64(4) 
 
Figure 4.7 
1
H-
15
N HMBC of 13a in C6D6 
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Infrared spectroscopy can be used to examine the complexes in both the solid state 
and in n-hexane solution (Table 4.1). The Al–H stretches of 13a are similar in both the solid 
state (1743 cm-1) and in solution (1746 cm-1). In both cases, only one stretch attributable to 
this moiety is observed. These values are comparable to other 5 coordinate pincer ligated 
aluminium dihydride complexes. For example, [3-(2,6-{CH2NMe2}2C6H3)AlH2] gives an 
infrared spectrum with two overlapping stretches at 1767 cm-1 and 1774 cm-1.215 Similarly 
the solid-state infrared spectrum of [3-(2,5-{CH2NMe2}2C4H2N)AlH2] displays absorptions at 
1778 cm-1 and 1791 cm-1.216 In contrast, the infrared spectra of 12a also shows a similar Al–
H stretch at 1775 cm-1 (solid and solution) but a separate asymmetric stretch is also 
observed at 1817 cm-1 (solid) and 1825 cm-1 (solution). Complex 9b shows a single Al–H 
stretch which is also similar in the solid state (1829 cm-1) and solution (1822 cm-1), though 
this is not the case for 9a (solid – 1776 cm-1, solution – 1823 cm-1). The strongest Al–H bond 
is observed in cis-10, with a solid state stretch of 1903 cm-1 however attempts to record the 
n-hexane solution spectrum of this compound failed due to poor solubility. These data, 
along with the aforementioned 15N NMR data, support the assignment of a 5-coordinate 
complex in solution. 
Substrate Solid-stateAl–H, cm
-1 SolutionAl–H, cm
-1 
9a 1776 1823 
9b 1822 1829 
cis-10 1903 - 
12a 1817,1775 1825, 1775 
13a 1743 1746 
Table 4.1 Comparison of Al–H stretches in the solid state and in n-hexane solution 
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4.2.2 Synthesis of Aluminium Hydride-Amides By Thermal Dehydrocoupling 
When one equivalent of 4-fluoroaniline is added to a C6D6 solution of 12a, rapid 
evolution of H2 gas is observed. Monitoring the reaction by 
1H and 19F{1H} NMR shows the 
clean formation of a single new species after two hours at 25 oC. Repeating this reaction on 
a preparative scale in diethyl ether gave the 14a as a crystalline solid in 68 % yield (Scheme 
4.28).  
 
Scheme 4.28 Thermal dehydrocoupling of alanes with anilines 
Only one environment is observed in the 19F{1H} spectrum, a singlet at  -131.62 ppm 
which is shifted upfield compared to the starting aniline ( -127.33 ppm). The N–H nucleus is 
seen by 1H NMR as a singlet at  3.12 ppm, downfield from that of 4-fluoroaniline ( 2.58 
ppm). An exceedingly broad resonance attributable to the Al–H proton was observed 
centred at  4.03 ppm. The retention of the Al–H functionality was also supported through 
infrared spectroscopy (solid, 1835 cm-1). X-ray crystallography confirmed the structure as 
drawn above (Figure 4.8). Whilst the solid state structure is largely unremarkable, it is worth 
noting that the Al–Nanilide bond length of 1.8132(11) Å is considerably shorter than those 
reported for [Me2Al(NHC6H4F)]2 (1.973(6) Å and 1.993(6) Å).
217 It is also clear that the Al–H 
and the N–H adopt an anti-conformation ( = 180.0o) in the solid state. 
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Figure 4.8 The crystal structure of 14a. Selected bond lengths (Å) and angles (
o
): Al(1)–N(1) 1.8893(11), Al(1)–
N(13) 1.8132(16), N(1)–Al(1)–N(1’) 96.52 
Replacing the mesityl groups on the ligand with 2,6-xylyl moieties had little effect on 
the reaction giving 14b in 62 % yield. Similarly varying the aniline to 2,4,6-trifluoroaniline 
still gave the corresponding hydride-anilide 14c in 64 % yield.  When the parent aniline was 
used, an isolated yield of just 34 % of 14d was obtained, although this is likely due to limited 
recovery from recrystallisation as opposed to the efficiency of the reaction.  
 
Scheme 4.29 Synthesis of the bis-anilide, 13b 
When 13a was reacted with 4-fluoroaniline in C6D6 a mixture of products were seen 
by both 1H and 19F{1H} NMR.  Attempts to isolate the mono-anilide from this reaction failed, 
but a preparative scale reaction with 2 equivalents of the aniline in diethyl ether afforded 
the bis-anilide 13b in 68 % yield (Scheme 4.29). Unlike the mono-anilides mentioned, no 
peaks attributable to an Al–H moiety were observed by either 1H NMR or infrared 
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spectroscopy. X-ray crystallography confirmed the structure as drawn, with a non-
coordinated pendant arm and with aluminium adopting a tetrahedral geometry (Figure 4.9). 
In line with reduced steric demand around the aluminium, along with a more electrophilic 
metal centre the Al–Nanilide bonds (1.7998(19) and 1.805(19) Å) are shorter than the 
corresponding bond in 14a (1.8132(16) Å).  
 
Figure 4.9 The crystal structure of 13b. Selected bond lengths (Å) and angles (
o
): Al(1)–N(1) 1.9084(17), Al(1)–
N(3) 1.905(2), Al(1)–N(31) 1.7998(19), Al(1)–N(41) 1.805(19) , N(1)–Al(1)–N(3) 94.17(8) 
To probe the coordination number in solution, a 1H-15N HMBC study was undertaken 
on 13b, as well as an in-situ generated sample of the mono-anilide, 13b’ (Figure 4.10, 
Appendix 4). The 15N chemical shift of the –NMe2 group for 13b ( +22.4 ppm) contrasts 
that of both 13a ( +28.1 ppm) and 13b’ ( +29.8 ppm) providing evidence that the pendant 
arm is coordinated in the latter two molecules, but not in 13b. A more dramatic effect 
however is seen for the 15N chemical shifts of the -diketiminate nitrogens. In complexes 
13a and 13b’, the difference between these two nitrogens is  = 67.8 ppm and 59.2 ppm 
respectively, reflecting the axial and equatorial positions adopted by the ligand in the 
trigonal bipyramidal geometry. In 13b the difference is only  = 4.2 ppm (164.1 ppm 
and 168.3 ppm), highlighting the significant change in the electronic structure of the 
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ligand. Whilst the pendant arm appears to be coordinated in 13b’, it is likely that the 
interaction to aluminium is weaker allowing rapid decoordination in the presence of a 
second equivalent of aniline.  
 
Figure 4.10 
15
N chemical shifts of complex 13a, 13b’ and 13b in C6D6.  
4.2.3 Synthesis of Aluminium Hydride-Amides by Catalytic Dehydrocoupling with 
[Y(N{SiMe3}2)3] 
Attempts to extend the thermal reactivity to t-butylamine were less successful. 
Heating a C6D6 solution of 12a and the aliphatic amine gave complete consumption of the 
alane, but only after twelve days at 80 oC. Furthermore, the bis-amino adduct was formed as 
a byproduct and due to their similar solubility fractional crystallisation failed to give pure 
samples of either product. Addition of [Y(N{SiMe3}2)3] (5 mol%) gave significant 
effervescence and complete conversion to the corresponding  mono-coupled product after 
the first time point (30 min) at 25 oC. Repeating this experiment using just 0.5 mol% of the 
catalyst showed no significant change in the reaction time, selectivity or yield. Preparative 
scale reaction in diethyl ether with 5 mol% of the catalyst gave 15a in a 64 % isolated yield 
after one hour at 25 oC. Similar reactivity was observed when 1-adamantylamine was used 
as a substrate, though the yield is slightly lower at 48 %. The catalytic reaction is also 
applicable to secondary amines and anilines, with pyrrolidine, N-methylaniline and N-
methyl-4-fluoroaniline all coupling to 12a rapidly at 25 oC. Sterically encumbered secondary 
amines, such as di-iso-propylamine and hexamethyldisilazane did not react with 12a, 
despite prolonged heating at 80 oC.  
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Table 4.2 Yttrium catalysed dehydrocoupling of alanes and amines, thermal controls in parenthesis. 
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Anilines with bulky ortho substituents can also be catalytically coupled to 12a. 
Mesitylamine, 2,6-di-iso-propylphenylamine and 2,5-di-t-butylphenylamine all give the 
corresponding mono-coupled products cleanly after just two hours at 25 oC. This process is 
not just limited to 12a and [Y(N{SiMe3}2)3] is also able to mediate the coupling of 12c to 
anilines despite the increased steric bulk. Whilst 12a forms 14a rapidly in the absence of a 
catalyst (vide supra), the reaction between 12c and 4-fluoroaniline requires heating in C6D6 
at 80 oC for 24 hours to give an 80 % yield of 15i. The reaction is also not selective and 20 % 
of the bis-coupled product is also seen. However, when the reaction is catalysed by 
[Y(N{SiMe3}2)3] similar conditions are required to the rest of the substrates (1 h, 25 
oC). 
Table 4.2 shows the results of thermal controls for substrates 15a – 15j in 
parenthesis. In all cases either prolonged reaction times or high temperatures were required 
to get significant yields, though in many cases only trace reactivity was observed. The 
synthesis of complex 15j has been previously reported by the Roesky group though harsh 
conditions were required.176 The group heated a sample of 12c in neat 2,6-di-iso-
propylphenylamine at 150 oC for one hour and isolated the mono-coupled product in >95 % 
yield. For comparison, repeating the reaction without catalyst in C7D8 solution at 150 
oC in a 
flame-sealed medium-walled NMR tube gave a 1 % yield after 24 hours. Whilst 13a reacts 
rapidly with 4-fluoroaniline, the substrate scope with this alane is limited. For example, the 
catalytic coupling of 12a with 1-adamantylamine is complete within an hour at 25 oC to give 
the mono-amide, 15b. Contrastingly, the corresponding hydride-amide product is not 
observed when 13a is used as the alane after 24 h at 25 oC. Subsequent heating of the 
reaction mixture at 80 oC overnight gives complete consumption of 1-adamantylamine, but 
the reaction is not clean, giving mixtures of the mono- and bis-amide. 
4.2.4 Alane characterisation  
Table 4.3 summarises the key infrared and 1H NMR data for complexes 14a – 15j. In 
the IR spectra of the samples, where N–H stretches are clearly visible, they occur between 
3344 cm-1 and 3449 cm-1. The Al–H stretches come between 1788 cm-1 and 1875 cm-1. In 
most cases the stretching frequency of the Al–H bond increases compared to corresponding 
asymmetric stretch in the starting materials, though not when the product is derived from t-
104 
 
butylamine or 2,6-di-iso-propylphenylamine. By 1H NMR spectroscopy, the N–H proton is 
visbible in two distinct regions. The anilide N–H protons resonate between  3.00 ppm and  
3.84 ppm, whilst the amide N–H protons of 14a ( 0.56 ppm) and 14b ( 0.36 ppm). In the 
latter two cases, coupling to the Al–H can be resolved (14a, 3J1H-1H = 3.6 Hz and 14b, 3J1H-1H = 
3.2 Hz), though this is not the case for any hydride-amides derived from anilines. In most 
cases, the N–H proton is deshielded upon ligation to aluminium, but shielded in the case of 
2,6-di-iso-propylphenylamine, t-butylamine and 1-adamantylamine. The Al–H resonance in 
all cases (except 13b where no Al–H remains in the product) is visible as a broad resonance 
between  3.0 ppm and  5.0 ppm. 
Substrate Al–H, 
cm-1 
Al–H asym, 
cm-1 a 
Al–H sym, 
cm-1 a 
1HN-H, 
ppm 
 1HN-H, 
ppm b 
1HH, 
ppm 
1HH, 
ppm c
13b - - - 3.29 0.71 4.90 0.12 
14a 1835 18 60 3.12 0.54 5.05 0.25 
14b 1842 23 55 3.06 0.48 5.00 0.26 
14c 1817 0 42 3.30 0.57 5.01 0.21 
14d 1875 58 100 3.32 0.55 5.09 0.29 
15a 1788 -29 13 0.56 -0.12 4.84 0.04 
15b 1836 19 61 0.36 -0.30 4.86 0.06 
15c 1849 32 74 - - 5.07 0.27 
15d 1829 12 54 - - 5.12 0.32 
15e 1851 34 76 - - 5.18 0.38 
15f 1858 41 83 3.00 0.13 4.93 0.13 
15g 1816 -1 41 3.05 -0.15 4.91 0.11 
15h 1835 18 60 3.84 0.65 5.19 0.39 
15i 1856 24 61 3.09 0.51 5.02 0.15 
15j 1821 -11 26 3.01 -0.19 4.69 0.09 
Table 4.3 Key infrared and 
1
H NMR data on complexes 13b and 14a – 15j a – change in Al–H from the dihydride 
to the product, b – change in 1HN-H  from the amine to the amide, c – change in 1HH  from the dihydride to 
the product 
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The crystal structure of 15g is shown below (Figure 4.11). Whilst it is largely 
unremarkable, it is worth noting that the Al–Nanilide bond length of 1.8182(16) Å is 
comparable to the Roesky adduct (15j, 1.817(2) Å) and that like 14a, an anti-confirmation is 
seen between the Al–H and N–H protons (torsion angle= 146.34o).  
 
Figure 4.11 The crystal structure of 15g. Selected bond lengths (Å) and angles (
o
): Al(1)–N(1) 1.9084(17), Al(1)–
N(3) 1.905(2), Al(1)–N(31) 1.7998(19), Al(1)–N(41) 1.805(19) , N(1)–Al(1)–N(3) 94.17(8) 
4.2.5 Tuck-over Complex Formation Through C–H Activation  
In complexes 14a – 14d, 15a – 15b and 15f – 15j, both the N–H and Al–H 
functionalities are retained. This gives rise to the possibility of dehydrogenation to form the 
corresponding aluminium imido complexes. Whilst thermolysis or photolysis represent two 
approaches to H2 elimination, we envisioned using catalysts as a means to effect the 
dehydrocoupling. An isolated sample of 14a in C6D6 was exposed to a stoichiometric 
quantity of [Y(N{SiMe3}2)3], however no reaction was observed despite heating for 48 hours 
at 80 oC. Studies on amine-silane dehydrocoupling (Chapter 3) showed that 3 can be a 
significantly more effective catalyst than [Y(N{SiMe3}2)3] when hindered amines are used as 
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substrates. Addition of one equivalent of Ph3PCH2 to the NMR tube followed by subsequent 
heating at 80 oC gave the expected formation of 3 by 31P{1H} NMR ( +28.3  ppm, d, 2J89Y-31P = 
11.2Hz), but also another 89Y coupled doublet downfield at  +32.5 ppm (d, 2J89Y-31P = 8.9Hz). 
Continued heating for 48 hours showed complete consumption of 3 and clean formation of 
the new complex, 16. The 19F{1H} NMR spectrum also showed a single resonance, upfield of 
14a ( -131.6 ppm) at  -133.0 ppm. A preparative scale reaction of 3 with 14a in toluene 
gave the product, 16 as a yellow microcrystalline material in 28 % yield after 24 hours at 80 
oC (Scheme 4.30).  
 
Scheme 4.30 Synthesis of the heterobimetallic tuck-over complex, 16 
Compound 16 has been characterised by 1H, 13C{1H}, 31P{1H} and 29Si NMR 
spectroscopy, as well as by infrared spectroscopy. The 1H NMR spectrum of 16 is highly 
desymmetrised with 10 singlet resonances between  -0.35 ppm and  +2.29 ppm 
corresponding to three sp3 C–H protons each (Figure 4.12, Appendix 5). The Ph3PCH2 
protons appear as a broad doublet at  1.14 ppm (2J31P-1H = 16.5 Hz). A pair of roofed 
doublets, both integrating to a single proton are seen at  -0.45 ppm and -0.75 ppm (2J1H-1H = 
12 Hz). Chemical shifts of protons upfield of tetramethylsilane are often characteristic of 
metal alkyl complexes. Though coupling to 89Y would be expected for protons on ytrrium 
alkyl groups, it cannot always be resolved. The chemical shifts observed in 16 are more 
comparable to the resonance at  -0.75 ppm observed for [BDIAl(H)CH2SiMe3] (BDI = 
{PhNCMe2}2CH)
218 than to the resonance at  +2.01ppm observed for the cyclometallated 
anion [{(Me3Si)2N}2Y(CH2)SiMe2N(SiMe3)][Y(Tp
Me2)2] (Scheme 4.34).
219 1H DOSY experiments 
confirmed that all the observed environments are associated with a single molecule. Three 
distinct resonances are observed by 29Si NMR spectroscopy, all with similar chemical shifts ( 
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-8.67 ppm, -11.56 ppm and -13.58 ppm). 29Si-1H HMBC experiments show that these 29Si 
peaks are associated with one eighteen proton broad peak at 0.34 ppm as well as another 
nine proton sharper peak at 0.28 ppm. The final 29Si peak is associated with both negative 
shift doublets mentioned above as well as two three proton singlets at  +0.03ppm and -
0.34 ppm (Appendix 5). No signal attributable to an N–H proton was seen by either 1H NMR 
or infrared spectroscopy. Taken in combination, these data imply a heterobimetallic tuck-
over complex as drawn above.  
 
Figure 4.12 
1
H NMR of 16 in C6D6 
4.2.6 Mechanistic Discussion 
The presence of an N–H group on the aryl ring is essential for reactivity, as neither 
15d nor 15e react with 3 when heated to 80 oC for two days in C6D6. No reaction is also seen 
for 15i. The steric bulk may prevent close approach of 3 to the Al–H and N–H moieties. It 
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may also increase the barrier to rotation about the Al–Nanilide bond, preventing a syn 
arrangement of the Al–H and N–H bonds. Similarly, when hydride-anilides with bulky ortho 
substituents (15f – 15h) are exposed to 3, no significant reaction is observed under the same 
conditions. This effect may also be electronic in nature as the lack of a para electron 
withdrawing group may increase the pKa of the corresponding N–H proton rendering it 
unreactive towards 3. Whilst 14c reacts with 3, multiple products are seen with no prevailing 
complex identified.  
 
Scheme 4.31 C–H activation via a transient aluminium imido complex 
At least three plausible mechanisms can be considered. The first two mechanisms are 
based on the generation of a transient aluminium imido moiety by deprotonation of the N–
H bond by the cyclometallated ring followed by -hydride elimination. In the first 
mechanism (Scheme 4.31), subsequent 1,2-addition of the corresponding trimethylsilyl C–H 
bond would give the tuck-over complex after elimination of H2. The generation of an Al=N 
containing intermediate has been previously implicated in intramolecular C–H activation of 
-diketiminate stabilised complexes (vide supra).175 
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Scheme 4.32 An alternative mechanism for C–H activation via a transient aluminium imido complex 
Another possibility involves intramolecular C–H activation of the -diketiminate 
ligand by the same transient aluminium imido complex (Scheme 4.32). This aluminium alkyl 
tuck-in complex could then undergo -bond metathesis with a trimethylsilyl C–H bond to 
form a tuck-over complex. Finally, intramolecular deprotonation of the anilide N–H bond by 
the cyclometallated ylide fragment would give 16.  
 
Scheme 4.33 C–H activation via an yttrium tuck-in complex. 
The third mechanism is based on the initial tautomerism of 3 to give an yttrium tuck-
in complex (Scheme 4.33). From here, -bond metathesis of the newly formed Y–C bond 
with the Al-H bond followed by H2 elimination gives complex 16. The implication of tuck-in 
complexes as intermediates in rare-earth metal C–H activation has been explored since 
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Watson’s work on the activation of methane by [Cp*2LuMe]. Rare earth complexes with 
cyclometallated hexamethyldisilazane ligands have also been prepared and isolated (Scheme 
4.34).219 
 
Scheme 4.34 Synthesis of a charged cyclometallated yttrium hexamethyldisilazane complex 
4.3 Future Work  
This chapter has reported the synthesis of a wide variety of Al–H bonds. Whilst ten 
substrate pairs have been used for catalytic dehydrocoupling, the mild conditions and rapid 
reaction times imply that this reaction may be applicable to a wide variety of N–H containing 
molecules. Similarly, catalytic dehydrocoupling with hindered 1o and 2o phosphines is also 
likely achievable. Whilst -diketiminate supported aluminium dihydrides have been the 
focus of this initial study, this chemistry could be expanded to a number of alanes, including 
those supported by amidinate and guanidinate ligands.220 
  The generation of Al=XR (X = N, P) moieties continues to be of interest, both from a 
fundamental bonding aspect but also with regards to C–H bond activation (Scheme 4.1). A 
number of literature established dehydrocoupling catalysts can be tried in an attempt to 
remove H2 from hydride-amide/phosphides. Photolytic elimination of H2 may also be 
possible in these molecules. These reactions can also be attempted in the presence of a 
variety of C–Z (Z = H, F, O) bonds in an attempt to isolate the corresponding 1,2-addition 
products. Similarly, alkenes and alkynes could be used to trap the intermediate by 
undergoing [2+2] cycloaddition (Scheme 4.35). 
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Scheme 4.35 Trapping of imido and phosphido intermediates 
The formation of 16 merits further investigation. Crystallographic analysis would 
allow definitive assignment of the structure. Kinetic studies should be able to distinguish 
between the two mechanisms as it is likely that the tuck-in mechanism would be zero order 
in 14a. A thorough investigation into the reactivity of this molecule is also warranted. 
Although attempts to investigate the scope of this reaction have been largely unsuccessful to 
date, the synthesis of analogues of the alane hydride-amides supported by less sterically 
imposing ligands may allow the synthesis of complexes related to 16. The role of the 
coordinated ylide is also worth exploring. Similar complexes to 16 may be synthesized by 
using a strong exogenous base (KH, n-BuLi etc) in the presence of various L type ligands (N-
heterocyclic carbenes, triphenylphosphonium oxide, DMAP, 3o amines etc) to help stabilize 
the resulting complex (Scheme 4.36). 
 
Scheme 4.36 Generic base mediated C–H activation of [Y{N(SiMe3)2}3] 
Aniline elimination from 13b may be possible to give an imido moiety.145 In addition, 
this class of bis-anilides may make interesting X2 ligands for a variety of metals (Figure 4.13). 
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Preliminary results show that bis-amides (both symmetric and asymmetric) should be 
obtainable by catalytic dehydrocoupling of 14a – 14d with a second equivalent of a 1o 
amine.   
 
Figure 4.13 -Diketiminate alane bis-amides as ligands 
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5. Aluminium and Zinc -Complexes of Copper(I)  
5.1 Introduction 
Since the discovery of the first structurally characterised dihydrogen complex 
[W(CO)3(i-Pr3P)2(H2)] by Kubas and co-workers in 1984, -complexes have been heavily 
studied.221 This is not only due to fundamental interest in non-classical bonding types, but 
also because of the potential of these species as intermediates in a multitude of metal 
catalysed reactions.-Complexes can be described as molecules containing an 
intermolecular 3-centred, 2-electron (3c-2e) bond whereby a metal centre accepts electron 
density from an EH -bond (Figure 5.1a). Concomitant back donation of electron density 
into the * orbital of the EH bond is also possible to varying degrees. This depends on the 
availability of the metal d-orbital which needs to be occupied and be of the appropriate 
symmetry to interact with the * orbital of the EH bond.222 Back-donation leads to a 
weakening of the -bond and a continuum exists between very weak interactions, all the 
way to full bond cleavage, or oxidative addition (Figure 5.1b).223  
 
Figure 5.1 Dewar-Chatt-Duncanson representation of binding in -complexes 
The bonding in -complexes has been depicted in many ways (Figure 5.2).224 Solid 
lines (A, B) are often used simply to imply connectivity whereas dotted lines (C, D) are 
commonly used to imply a particularly weak interaction. A full arrow from the centre of the 
EH bond (E) is often used to highlight the dative nature of the bonding, and is commonly 
used when the MHE angle is particularly acute. The novel complexes in this chapter have 
been depicted using the half-arrow notation suggested by Parkin, Green and Green (F). For 
the sake of argument literature known complexes have been represented as initially 
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reported by the investigators and only neutral ligands will be considered in this 
introduction.225  
 
Figure 5.2 Common depictions of the bonding in -complexes 
5.1.1 Borane -Complexes.  
5.1.1.1 Early to Mid-Transition Metals 
Research into -borane complexes was initially driven by the use of catecholborane 
and pinacolborane in transition metal catalysed hydroboration of alkenes as well as CH 
borylation.225-228 -Borane complexes also play an important role as intermediates in 
amineborane and phosphineborane dehydrocoupling (Chapter 4). In 1996, the Hartwig 
group published the synthesis of bis -borane complexes of titanium made by reacting 
[Cp2TiMe2] with an excess of catecholborane or its 4-methyl derivative.
229 The former 
compound displays a short BB distance of 2.11 Å and later calculations support an 
additional 3c, 2e interaction between the titanium and the two boron atoms.230 Three years 
later, the group reported the synthesis of a range of analogous substituted catecholborane 
bis -complexes of [Cp2Ti] (Scheme 5.1).
231 The synthesis of [Cp2Ti(HBCat)(PMe3)] was also 
achieved through the comproportionation between the corresponding bis-complexes. 
Whilst this complex was stable, attempts to make [Cp2Ti(HBCat)(CO)] failed, producing 
[Cp2Ti(CO)2] instead. These observations lead the authors to hypothesise that strong -
acceptors disfavour -complex formation by reducing the magnitude of backbonding to 
catecholborane. 
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Scheme 5.1 Synthesis of bis -borane complexes of titanocene 
In 1997 the Smith group reported the synthesis of group 5 complexes of 
catecholborane in their studies on the hydroboration of olefins.232 Although originally 
assigned as the borohydride [Cp2Nb(H2BCat)] and the hydridoboryl complex [Cp2TaH2(BCat)]  
later studies showed that the niobium complex was better formulated as the -complex 
[Cp2NbH(
2-HBCat)],233 computational studies suggest that the complex can rapidly 
interchange between the two forms with an activation energy of just 1.1 kcal mol-1 (Figure 
5.3).234 The difference between the complexes of the two metals was rationalised by the 
tendency of tantalum to prefer the +5 oxidation state. 
 
Figure 5.3 Conversion between a niobocene borohydride complex and a niobocene - complex 
In 2000, the Hartwig group showed that -borane complexes of group 6 metals were 
also accessible.235 Photolysis of [Cp’Mn(CO)3] (Cp’ = C5H4CH3) in the presence of either 
excess (14-16 equivalents) pinacolborane or catecholborane in THF gave the corresponding 
-complexes. This route was not applicable to rhenium, though reaction of cis-
[Cp*Re(CO)2(Bpin)2] with methanol or neopentyl alcohol gave the piano-stool -complex 
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[Cp*Re(CO)2(HBpin)]. A wider variety of manganese complexes could be synthesised by a 
nucleophilic substitution route between K[Cp’Mn(CO)2H] and the corresponding haloborane 
(Scheme 5.2). Whilst these complexes were assigned as -complexes at the time based on 
X-ray diffraction studies, as well as 1H and 11B{1H} NMR and infrared spectroscopy data, the 
assignment was later confirmed through extensive DFT calculations.236,237 Ligand 
substitution reactions on [Cp’Mn(CO)2(HBcat)] showed that under photolysis conditions, 
borane exchange could occur to give [Cp’Mn(CO)2(HBpin)]. Interestingly under the same 
conditions, but in the presence of dimethylphenylsilane, -complexation is not observed, 
but rather the hydrido-silyl complex, [Cp’Mn(CO)2H(SiPh2Me)] is formed from oxidative 
addition of the SiH bond. 
 
Scheme 5.2 Synthesis of Mn -borane complexes. 
5.1.1.2 Late Transition Metals  
In 2005, the Garcia group showed that -borane complexes of Ni(0) could be 
synthesised by the reduction of diphosphine supported Ni(I) hydride dimers with LiHBEt3 in 
the presence of triethylborane (Scheme 5.3).238 This reaction also produces stoichiometric 
quantities of cationic Ni(II) hydride dimers.  
 
Scheme 5.3 Synthesis of Ni(0) -borane complexes. 
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Research into the coordination of boranes to ruthenium has been driven by the 
Sabo-Etienne group since 2002.239 Following from their studies on the coordination of Si–H 
bonds to ruthenium they demonstrated that when exposed to excess pinacolborane, H2 loss 
from [RuH2(H2)2(PCy3)2] gave a mixed -borane/hydridoborate complex (Scheme 5.4). This 
complex was found to be catalytically active for the hydroboration of ethylene by HBPin. 
Exposing the isolated complex to excess H2 gave first displacement of the -coordinated 
borane, followed by slow displacement of the hydridoborate ligand to reform 
[RuH2(H2)2(PCy3)2]. 
 
Scheme 5.4 Reversible H2 displacement by pinacolborane 
In 2005, the group further investigated the coordination of pinacolborane to the 
same ruthenium starting material, and expanded their scope to include catcecholborane 
and 9-BBN.240 Whilst reaction of one equivalent of HBPin or HBCat gave the -borane 
complexes [RuH2(H2)(HBR)(PCy3)2] (R = Cat, Pin), reaction with 9-BBN under the same 
conditions gave the hydridoborate complex [RuH(H2BBN)(PCy3)2] (Scheme 5.5). The contrast 
in coordination modes was ascribed to the strong lewis acidity of 9-BBN compared to the 
dialkoxyboranes.  
 
Scheme 5.5 Contrasting reactivity of boranes with ruthenium 
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When the dihydridoborane, H2BMes is used as a substrate in the previous reaction, a 
-complex is formed, but the borane acts as a bis(-BH) donor having displaced two H2 
ligands (Scheme 5.6).241 In contrast to the previous complexes mentioned, the -borane 
ligand is not displaced by hydrogen gas when stored under an atmosphere of H2. This 
procedure was later found to be applicable to a number of substituted boranes.242 An 
alternative synthetic route based on the salt metathesis of [RuH(H2)Cl(PR’3)2] with Li[H3BR] 
was also demonstrated.  
 
Scheme 5.6 Coordination of a bis(-BH) ligand 
5.1.2 Alane and Gallane -Complexes 
Despite the wealth of research on BH bond coordination, little work has been 
conducted examining the interactions of metals with the heavier group 13 hydrides. In the 
early 1980’s, the reactions of [Cp2YCl] with H3AlL (L = NEt3, Et2O) to give the hydride 
coordinated adducts [Cp2ClYHAlH2(L)].
243, 244 However, in both cases a secondary interaction 
between the chloride and the aluminium helps to stabilise the complex. In 1990, Wilke and 
co-workers isolated a series of Ni(0) alane -complexs (Figure 5.4).245 Various LAlMe2H (L = 
THF, TMEDA, Et2O) -complexes were synthesised in yields varying from 75 to 85 %, with a 
single crystal X-ray structure obtained for [(C7H13N)AlMe2HNi(CDT)] (CDT = 1,5,9-
cyclododecatriene). 
 
Figure 5.4 A crystallographically characterised alane -complex of nickel. 
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A decade later, the Ueno group published the coordination of a gallium hydride bond 
to a tungsten carbonyl complex.246 Supported by quinuclidine, the gallane was seen to 
coordinate to the metal centre after dissociation of one carbonyl ligand of [W(CO)6] under 
photochemical conditions in C7D8.  A low isolated yield of 9 % was attributed to the thermal 
instability of the resulting complex, though 38 % was achieved when the gallane was 
reacted thermally in THF with [W(CO)5(THF)]. The group later went on to show that this 
methodology could also be applied to molybdenum and chromium pentacarbonyl 
complexes, as well as [Cp*Mn(CO)3].
247 Gallane coordination in [Cp*(OC)2Mn(H3Ga.NC7H13)] 
was found to be remarkably robust for these -complexed systems as it was not displaced 
by either CH3CN or PMe3 under thermal conditions. It is also worth noting that reaction of 
two equivalents of [W(CO)5(THF)] with the gallane produced the ditungsten -complex 
[{(OC)5W}2(H3Ga.NC7H13)]. This complex is not stable in solution at room temperature but 
decomposes to give a hydrogallylene tungsten complex which is -complexed to a [W(CO)5] 
fragment (Scheme 5.7).  
 
Scheme 5.7 Decomposition of a gallane bridged -complex 
Work in this field largely ceased for another decade until the Aldridge group entered 
the area in 2012, also studying the coordination of heavier group 13 hydrides to [M(CO)x] 
transition metal fragments via a number of synthetic routes.220 Photolysis of [W(CO)6] in the 
presence of a guanidinate stabilised aluminium dihydride gave the corresponding -complex 
in low yield (8 %) (Figure 5.5a). The same procedure was applied with a -diketiminate 
ligated aluminium dihydride which instead gave the 2--complex. In the case of [Cr(CO)6], 
this 2-coordination mode was confirmed through X-ray crystallography, although the 
sample co-crystallised with 11 % of the 1-adduct (Figure 5.5b).  
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Figure 5.5 A 
1
- complex of tungsten (a, left). A 
2
 -complex of chromium (b, right)   
Salt metathesis routes can also be used to synthesise these molecules.248 Reaction of 
K[Cp’Mn(CO)2H] with a dichloride aluminium amidinate species gave the expected -
complex though this reaction takes significantly longer (18 h as opposed to 2.5 h for the 
photolysis route). Despite the possibility of bridging through either the hydride or chloride, 
there is no evidence for chloride interactions with manganese in this complex. The group 
have also showed that trihydrido-alanes supported by ring expanded carbene ligands will 
also complex to molybdenum carbonyls via ligand displacement.249 When [(CO)4Mo(COD)] 
and the alane are dissolved in 1,2-difluorobenzene the expected 2--complex is formed in 
68 % yield (Scheme 5.8). However, the coordination mode that is adopted by the alane is 
dependent on the number of carbonyls bound to the transition metal. For example, if the 
reaction is repeated with [(CO)3Mo(CHT)] (1,3,5-cycloheptatriene) a significantly more 
complicated structure is seen in the solid state. A dimeric structure is formed with two 
inequivalent alane fragments. The first alane adopts a 1,1 mode bridging between two -
Mo(CO)3 moieties with no further interactions with the third hydride. The second alane 
adopts a similar coordination mode, but the third hydride is now triply bridging, interacting 
between both Mo centres as well as the aluminium in a 4c, 2e bond. This structure then 
dimerises again to give a dimer of dimers (Scheme 5.8).  
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Scheme 5.8 [Mo(COx)] alane -complexes   
  The weaker GaH bond gives rise to orthogonal reactivity. When [Fe(CO)5] is 
photolysed in the presence of a -diketiminate supported gallium dihydride, no -complex 
is observed.250 Instead H2 loss is seen with the formation of a gallyene complex with a FeGa 
bond. When the reaction was explored using DFT calculations, the group were unable to 
optimise the geometry of a -complex. Instead oxidative addition was seen as the first step. 
Concurrent loss of H2 from this intermediate gave an overall activation energy of only +4.8 
kcal mol-1. Photolysis of [(Cp’)Mn(CO)3] in the presence of the -diketiminate gallium 
dihydride gives the corresponding gallylene as before. However, if the reaction is repeated 
under milder conditions, the expected 1-complex can be isolated (Scheme 5.9).250 
Dihydrogen loss does not only occur under photolytic conditions. Ligand displacement from 
[(CO)4M(COD)] (M = Mo, W) by the same gallane also yields the corresponding gallylene 
complex.  
 
Scheme 5.9 Manganese gallylene synthesis via a -complex intermediate    
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5.1.3 Group 11 -Complexes 
Despite their increasing value in catalysis, fully characterised examples of coinage 
metal -complexes are scarce. To date, the only complexes with such an interaction use 
supporting ligand scaffolds to encourage close contact between the -bond and the metal 
centre. For example, in 2010 Ribas and co-workers identified a sp2 CH agostic interaction in 
a Cu(II) triazamacrocyclic compound through EPR spectroscopy supported with DFT 
calculations.251 This interaction significantly weakens the corresponding CH bond, allowing 
it to be activated by the mild oxidant TEMPO (Scheme 5.10).  
 
Scheme 5.10 Cu(II) mediated C-H activation   
In 2011, the Bourissou group reported the first crystallographically characterised 
example of a copper interaction.252 Reaction of CuCl with a diphosphine-disilane ligand 
framework in the presence of GaCl3 gave a cationic Cu(I) complex with a weak interaction 
between the metal centre and the SiSi -bond (Figure 5.6). A lengthening of the SiSi bond 
from 2.3581(11) Å to 2.4505(19) Å upon coordination was observed in the solid state, as 
well as a PCuP angle which is bent to allow interaction to the -bond (153.72(5)o). 
Though chelation is likely to play a significant role in stabilising this interaction, it is not the 
only factor. When the reaction is repeated with AgCl no evidence of -complexation is seen 
despite silver having a slightly larger covalent radius (1.45 Å) to copper (1.32 Å).204 The 
reactivity of gold is different still, in this case giving formal SiSi bond cleavage to form the 
corresponding bis(silyl)Au(III) complex.253 This process was later expanded to include the 
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intermolecular oxidative-addition of phosphine-free silanes, such as PhMe2SiSiMe2Ph, 
though the resulting products are only stable below -60oC and could not be isolated.254  
 
Figure 5.6 Contrasting reactivity between group 11 metals and a diphosphine-disilane ligand   
When the SiSi bond is exchanged for a SnSn bond, then oxidative addition of the 
moiety is seen for both gold and copper.255 However, when a halide abstracting agent is not 
added to the copper reaction, the intermediary SnSn -complex can be observed and 
isolated at -60oC. Although this complex is stable in the presence of alkynes, the 
aforementioned bis(stannyl)Cu(III) complex reacts with methylpropiolate to give the double 
stannylation product (Scheme 5.11).  
 
Scheme 5.11 Double stannylation of an alkyne    
Finally, the group have also used a similar ligand system to show that SiH bonds can 
coordinate to Cu(I) (Figure 5.7).256 As in previous systems, experimental and computational 
data support -complexation in the copper, but not the corresponding gold complex. 
Abstraction of the copper chloride gives a tight ion pair, and a weakening of the SiH bond, 
as expected for a more electrophilic metal centre. 
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Figure 5.7 Coordination of SiH -bonds to Cu(I)   
5.2 Results 
5.2.1 Synthesis of Copper(I) -Complexes 
 
Scheme 5.12 Synthesis of 172.toluene   
Complex 172.toluene can be prepared via a literature procedure by reacting the 
proligand with copper mesityl, which is itself formed by reacting the corresponding Grignard 
reagent with copper(I) chloride (Scheme 5.12).257, 258 The inverse sandwich complex can be 
isolated cleanly by recrystallisation from toluene as a green-yellow solid in 46 % yield. The 
electron deficiency of the copper centres in this complex, along with the steric protection 
afforded by the -diketiminate ligand made it an ideal starting point to investigate the 
coordination of EH bonds to Cu(I). Initial NMR scale reactions of 172.toluene and 12a run in 
C6D6 at 25
oC immediately showed a new species with identical structural features, but with 
chemical shifts different to the starting material (Figure 5.8).  
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Figure 5.8 
1
H C6D6 NMR stacked plot showing 172.toluene (bottom), 12a (middle) and 18a (top)   
Scale up of the reaction in a -35oC solution of toluene/hexane (1:3) followed by 
filtration and recrystallisation from the mother liquor gave complex 18a in 66 % yield 
(Scheme 5.13). This compound proved to be rather sensitive decomposing within a minute 
when exposed to air. The complex was also found to be light sensitive, decomposing over 
the course of a weekend when left exposed to light inside the glovebox. Storage of the 
crystals within the glovebox freezer (-35oC) however provided adequate stabilisation for 7-
14 days.  Single crystal X-ray diffraction confirmed the structure as drawn (vide infra). This 
reaction procedure was also applicable to 13a. Due to the lower solubility of 13a, toluene 
was used as the sole solvent and 18b could be isolated cleanly in 92 % yield by washing the 
resulting precipitate with cold hexane. Finally, this methodology was not just limited to 
aluminium dihydrides and could also be applied to 12d, a -diketiminate stabilised zinc 
hydride,259 to give 18c in a 77 % yield. 
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Scheme 5.12 Synthesis of three -complexes of Cu(I)    
5.2.2 Structural analysis 
X-ray structures of all three samples were obtained and show the interaction of the 
main group element hydride with the copper centre (Figure 5.9). In complexes 18a and 18b 
the hydrides were found in the Fourier difference map. For 18c the situation was less 
straight forward. Two Q peaks of similar intensity were observed between Cu and Zn. The 
most intense peak however was seen in a chemically unreasonable position. The Cu–Q1 
distance (1.21 Å) and Zn–Q1 distance (1.27 Å) were considered to be too short when 
compared to the covalent radii of the metals (Cu – 1.38 Å, Zn – 1.31 Å). The second most 
intense Q peak gave more reasonable lengths of 1.49 Å (Cu–Q2) and 1.46 Å (Zn–Q2) and 
unremarkable geometries at the metal centres. However, despite these differences both 
assignments refined freely at full occupancy to the same position after multiple refinement 
cycles.    
127 
 
 
Figure 5.9 The crystal structures of 18a (left), 18b (middle) and 18c (right). Selected bond lengths and angles 
can be found in Table 5.1. 
Upon inspection of the three crystal structures it is clear that two different 
coordination modes are adopted in the solid state. For example, whilst in 18a the copper 
centre sits within the wedge formed by the aluminium and the two hydrides, the copper sits 
outside of the corresponding wedge in 18b (Figure 5.10). In keeping with the terminology 
used to explain different intramolecular coordination modes of C–H bonds to metals, these 
two solid-state geometries can be referred to as agostic and anagostic. Whilst anagostic 
interactions are classified by a large electrostatic component to the bonding, long M–H 
bond lengths (2.3-2.9 Å) and near linear M–H–C angles (110-170o), agostic interactions 
display shorter M–H bond lengths (1.8-2.3 Å) and shallower M–H–C angles (90-140o).260 By 
these definitions, 18a and 18c can be compared to agostic complexes whilst 18b more 
closely resembles an anagostic complex. 
 
 
 
Figure 5.10 The crystal structures of 18a (left), 18c (middle) and 18b (right). Ligand aryl groups removed for 
clarity. 
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Table 5.1 summarises the key bond lengths and angles in the three complexes.  Both 
complex 18a and 18c have almost identical Cu–H–E bond angles of 110.5(12)o and 111(2)o 
respectively. Similarly both have short intermetallic distances of 2.6143(7) Å and 2.4684(5) 
Åwhich are consistent with the values reported by Aldridge and coworkers for alane -
complexes of Mn(I), Mo(0) and W(0) (2.446(1)-2.841(1) Å),220, 249 as well as for the Ni(0) 
complex reported by Wilke and coworkers (2.731(1) Å).245 It is worth noting that in complex 
18c, the Cu–Zn distance is shorter than the sum of the covalent radii (2.54(8) Å).204 These 
values contrast to those of 18b which has a Cu–H–Al bond angle closer to linearity 
(153.97(12)o) and an extremely long Cu---Al distance of 3.1231(5) Å. The Cu–H distances 
vary slightly across the series between 1.48(2) Å and 1.54(2) Å. It is worth noting that, as 
would be expected in a -complex, the Al–H bonds (1.66(2) Å & 1.68(2) Å) are elongated 
with respect to the Al–Hterminal bonds  (1.49(2) Å & 1.53(2) Å) in both 18a and 18b.  
Bond/angle 18a 18b 18c 
Cu–E (Å) 2.6143(7) 3.1231(5) 2.4684(5) 
Cu–H (Å) 1.50(2) 1.54(2) 1.48(3) 
E–H1 (Å) 1.68(2) 1.66(2) 1.51(3) 
E–H2 (Å) 1.49(2) 1.53(2) N/A 
Cu–H1–E (o) 110.5(12) 153.9(17) 111.0(2) 
Table 5.1 Selected bond lengths and angles in 18a, 18b and 18c    
5.2.3 Computational studies 
Due to inherent issues with the accuracy of H atom location in X-ray crystallography, 
DFT calculations were undertaken to verify the bond lengths and angles mentioned 
above.261 The crystallographic data was used as a starting point for the optimised geometry 
calculations and frequency calculations were used to confirm the minima found. The values 
that best fit the experimental data were obtained using the m062x functional and hybrid 
basis set 6,31G+(d,p) (for C, H, N, Cl, Cu) and Lanl2DZ (Al, Zn). A comparison of the key bond 
lengths and angles can be seen in Figure 5.11.  
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Figure 5.11 Comparison of the key experimental (top) and computational (bottom) bond lengths and angles 
The nature of the bonding was probed further using DFT calculations (Table 5.2). The 
Wiberg indicies show contrasting values between the two different coordination modes. In 
the agostic complexes, there is a build-up of electron density between the two metal 
centres (18a, Al–Cu 0.30; 18c, Zn–Cu 0.26) which is around double that observed for the 
anagostic complex (18b, Al---Cu 0.14). In all three complexes, the E–H bond order is greater 
than that of Cu–HAlso, as would be expected for a -complex, the Al–H bonds in both 
18a and 18b (WBI = 0.53 and 0.54 respectively) is significantly weaker than the Al–Hterminal 
bonds (WBI = 0.74 and 0.76 respectively). This is also reflected in the computed Al–H bond 
lengths (Table 5.2). AIM calculations returned bond critical points between the Cu and H in 
all three complexes (bcp 7.93 – 9.20 x 10-2 e bohr-3, ∇bcp = 1.33 – 1.69 x 10-1 e bohr-5) 
but did not between the Cu and the main group metal.  
  
Table 5.2 Comparison of key computational results 
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Second Order Perturbation Theory analysis can be used to quantify the different 
components of the bonding interactions. In all three complexes, donation of electron 
density from the E–H -bond to the Cu LUMO, which is largely 4s in character (Figure 
5.12a), is the strongest interaction (35.1 – 84.4 kcal mol-1, Figure 5.12b). Back-bonding from 
a metal d centred orbital to the E–H * is also seen to contrasting extents. In complexes 
18a and 18c, stabilisation by back bonding is similar (18a = 21.1 kcal mol-1, 18c = 22.7 kcal 
mol-1). Complex 18b on the other hand has a much lower value of 6.6 kcal mol-1.  
 
Figure 5.12 Pictorial depiction of the LUMO of 17 (a, left), and second order perturbation theory analysis (b, 
right) 
5.2.4 Solution studies 
As mentioned above, these complexes also exist in solution and have been 
characterised using standard 1H and 13C{1H}  NMR techniques.  In the case of complexes 18a 
and 18c, only one set of ligand signals can be seen at room temperature when isolated 
samples are dissolved in C6D6 and the broad hydride resonances of 12a and 12d are no 
longer visible. In the case of 13a, both 17.C6D6 (vide infra) and 13a are visible as well as a 
new set of peaks which match the ligand environments of the monomeric species, but are 
considerably different in chemical shift (Figure 5.13). This is consistent with an equilibrium 
between the coordination of the arene solvent and the aluminium hydride bond to Cu(I). 
The reversibility of E–H coordination was confirmed through a crossover experiment 
between 18a and 13a in which 18b and 12a were formed. 
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  Variable temperature 1H NMR studies were undertaken to probe the nature of this 
equilibrium between 17.C7D8 and 18a – 18c. Cooling a sample of 18b to -80 
oC showed 
considerable increase in the equilibrium constant from Keq = 2.17 (+20 
oC) to Keq = 7.21 (-80 
oC).  Below -40 oC the hydrides become visible as broad resonances. The terminal hydride is 
slightly shifted to 3.38 ppm ( = 0.6 ppm) whereas the -hydrogen atom is shifted 4.1 ppm 
upfield to -0.12 ppm and is sharp compared to the extremely broad peaks of 13a and the 
terminal H in 18b (FWHM = 47 Hz). These assignments were confirmed by synthesis of the 
deuterated analogue of 13a. Increasing the temperature in 10 oC intervals was met with a 
gradual reduction in the equilibrium constant and minimal changes in the chemical shifts of 
the peaks. At 50 oC all peaks began to broaden considerably as 18b decomposes producing 
H2 in the process. Complex 18c behaves similarly at low temperature; below -30 
oC species 
on both sides of the equilibrium are visible whilst the hydride is shifted to -0.55 ppm ( = 
5.0 ppm) and is significantly sharpened (FWHM = 8 Hz). Raising the temperature also drives 
the equilibrium to the left as drawn in Figure 5.13, but in this case coalescence is observed 
at around -30 oC and above this temperature fast exchange is seen. Repeating this 
technique with 18a did not allow deconvolution of the hydride resonances. The different 
components of the equilibrium could not be resolved at low temperature although the 
chemical shifts became more like those of 17.C7D8 and 12a as the sample was cooled.  It is 
worth noting that the decomposition seen for 18b was not observed for 18a and 18c even at 
80 oC. A Van’t Hoff analysis on a C7D8 solution of 18b between 213 K and 333 K gave S
o = -
5.0(2) cal K-1 mol-1 and Ho = -1.75(4) kcal mol-1 resulting in G298K = -0.23(4) kcal mol
-1 
(Graph 5.1a). Repeating this analysis on 18c between 193 K and 243 K gave So = -10.8(4) 
cal K-1 mol-1 and Ho = -2.47(9) kcal mol-1 resulting in Go298K = +0.65(8) kcal mol
-1 (Graph 
5.1b).  
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Figure 5.13 Variable temperature 
1
H C7D8 NMR spectrum of 18b between -80 and +80 
o
C  
 
Graph 5.1 Van’t Hoff analysis on 18b (a, left) and 18c (b, right)  
These data are indicative of a weak interaction between the copper centre and the 
metal hydrides which is competitive with arene coordination. As would be expected for an 
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equilibrium which involves displacement of coordinated solvent, these processes are 
dependent on the nature of the solvent used. Thus, whilst a 55 mM sample of 18b at 25 oC 
in C6D6 and C7D8 give Keq of 1.0 and 1.6 respectively, the value in 1,2-difluorobenzene 
increases to 12.2. The use of poorly coordinating electron deficient solvents is a commonly 
employed technique in -complex synthesis and is a method that should allow coordination 
of less favoured -bonds.225 However, solvent choice with 18a, 18b and 18c is limited to the 
reactivity of these molecules towards C–X bond cleavage. Rapid decomposition of these 
complexes in C7F8 and C6F6 is seen, presumably to the E–F complexes in a fashion analogous 
to the Cp2ZrCl2 catalysed reduction of aromatic C–F bonds reported previously within the 
group.262 Samples are slightly more stable in CD2Cl2 but decomposition is still evident within 
roughly 15 minutes. Attempts to run the reactions in hexane failed due to poor solubility. 
DOSY 1H NMR experiments were undertaken to probe the aggregation states of 
these molecules in C7D8 solution (Table 5.3). The starting hydrides 12a, 12d and 13a are all 
molecules that are considered to be monomeric in solution primarily due to the steric bulk 
imposed by the -diketiminate ligand.259 Dissolving samples of these all gave similar 
diffusion coefficients (D = 0.944 – 0.967 x 10-9 m2 s-1). Warren’s group have previously 
reported the cyclohexene adduct of 17, which is significantly less labile than the arene 
adducts and is monomeric in the solid-state.263 This complex also gives a comparable 
diffusion coefficient to the main group hydride precursors (D = 0.967 x 10-9 m2 s-1).  The 
solution hydrodynamic radii for these complexes can be obtained from the Stokes-Einstein 
equation and vary between 4.2 – 4.4 Å. As a comparison, the solid state X-ray radii obtained 
from the volume given by Olex2 vary between 4.2 - 4.6 Å. As expected, dissolution of 
172.toluene in C7D8 gives a diffusion coefficient (D = 0.989 x 10
-9 m2 s-1) and radius (4.1 Å) far 
closer to that of 17.cyclohexene (4.2 Å) than the X-ray radius of 172.benzene (5.3 Å).
257 In 
contrast, the diffusion coefficients of 18a and 18b are significantly larger (D = 0.775 – 0.778 
x 10-9 m2 s-1) giving radii of 5.2 Å. Again these match very well with the X-ray radii of the two 
complexes (5.3 Å). Complex 18c gives a value that appears to be intermediary (D = 0.877 x 
10-9 m2 s-1, 4.6 Å) between these two regions of mono- and bi-nuclear species. This is 
unsurprising given the positive Go of +0.65(8) kcal mol-1 and supports the notion of a 
monomer-dimer equilibrium in solution that lies towards the starting material.  
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Table 5.3 Data obtained from 
1
H DOSY experiments in C7D8 at 37 mM 
5.2.5 CO2 Hydrogenation  
There has been a drive in recent years to utilise the substantial quantities of CO2 gas 
produced annually in industrial processes. These include conversion to urea, salicylic acid, 
carbonates and other functionalised molecules264,265 as well as copolymerisation of CO2 with 
strained cyclic substrates such as epoxides.266 Methanol is currently made on a million tonne 
per annum scale from syngas, 267 however recent attention has been focused on the direct 
hydrogenation of CO2 as mechanistic studies have implied that the methanol comes from 
the CO2 rather than the CO.
268  One industry standard catalyst for this process is a 
heterogeneous mixture of Cu and ZnO supported on Al2O3.
269 Whilst the sensitivities of 
these compounds would preclude them from being directly involved in CO2 hydrogenation 
at the temperatures required, their roles as single-source precursors to heterogeneous 
systems was explored in collaboration with the Williams and Schaffer groups at Imperial 
College London.  
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Reactions were run in a 10:1 squalane:toluene solution at 523 K in a reaction vessel 
pressured to 50 bar with samples 18a – 18c. Methanol was observed by GC analysis at the 
first time point (10 minutes) but catalytic activity was exceedingly short lived and MeOH was 
only produced for a few hours (for comparison the ternary heterogeneous system is stable 
for 1000’s of hours). Peak activities of 18a, 18b and 18c of 2.16, 4.04 and 2.05 mmol g-1 h-1 
respectively are in the same order of magnitude as the Cu/ZnO/Al2O3 catalyst of 7.0 mmol g
-
1 h-1. In an effort to increase the lifetime of the catalyst, soluble ZnO particles (ZnO@dioctyl-
phosphinate)270  were added to the system in a ratio of 1:1.3 ZnO:Cu by mass.  The reaction 
was carried under identical conditions, however, the peak methanol activity was nearly half 
that of 18a. At this stage it is too early to speculate on the mechanism or active species 
involved in this process. However it is worth noting that the least thermally stable -
complex (18b) gave the highest peak activity of methanol production. A control with 
172.toluene did not give any significant methanol production. Post reaction, bright red 
reaction mixtures were obtained. Analysis of these by X-ray diffraction and UV/vis (max = 
595 nm) revealed the formation of Cu(0) nanoparticles with a large organic content (Cu 
domains 25±5 nm). No aluminium containing species were identified by powder diffraction, 
most likely due to the formation of amorphous material. 
5.3 Discussion  
This chapter has reported the synthesis and characterisation of three -complexes of 
Cu(I). Prior to this study, only intramolecular interactions between copper and ligand -
bonds have been observed in the literature. In addition, this is the first report to describe 
such coordination of a zinc hydride to a metal centre. Whilst these complexes contain a 3c-
2e interaction there are constructive arguments to be had as to the most appropriate 
representation of the bonding in these complexes. As mentioned in the introduction, -
complexes of silanes and boranes are well established and the computational and 
experimental data presented in this chapter appear to support the classification of these 
molecules using the same terminology. Computationally, Wiberg bond indices show that 
whilst there is a low bond order between the copper and the hydride, in all cases it is 
smaller than that of the main group metal and the hydride (though not too dissimilar in that 
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of 4). NBO analysis supports a traditional -complex bonding motif whereby donation from 
the E–H bond to the Cu LUMO is supplemented by donation of electron density from the Cu 
d orbitals into the * of the E–H bond. This manifests in a weakening of the complexed 
hydride compared to the terminal aluminium hydride for 18a and 18b both computationally 
(Wiberg bond indices and idealised geometries) and experimentally (X-ray crystal 
structures). In solution, a solvent and temperature dependent equilibrium is seen whereby 
the weakly bound main group hydride is displaced by the arene solvent. Whilst there is a 
significant contribution from electrostatic interactions to the bonding, it is worth noting that 
silicon (1.8) and boron (2.0) are closer in electronegativity on the Pauling scale to aluminium 
(1.5) and zinc (1.6) than to carbon (2.5). Ultimately this kind of interaction sits on a spectrum 
of possible resonance structures but the data reported suggests these complexes are best 
represented as -complexes than say a symmetrically bound bridging hydride or a 
zwitterionic complex formed by formal transfer of the hydride to Cu(I) (Figure 5.14).  
 
Figure 5.14 Possible resonance structures for bonding in these systems, a -complex (left), a bridging hydride 
(middle) and hydride transfer (right)  
There are a number of possible reasons for the contrasting agostic and anagostic 
coordination modes of 18a/18c and 18b. The most significant difference between 12a, 12d 
and 13a is that the latter has a pendant arm that is still coordinated in solution. Whilst the -
NMe2 group is relatively small compared to an aromatic ring, the coordination of this 
nitrogen to aluminium imposes steric bulk directly at the metal centre. Hence this -NMe2 
moiety may be preventing the close approach between the metal centres seen in 18a and 
18c. Coordination number can also have a profound effect on the coordination mode of -
borane complexes (Figure 5.15).  Complexation of the three coordinate borane HBpin, to a 
piano-stool manganese compound gives side-on agostic coordination, with a shallow Mn–
H–B angle (44.7o) and a short Mn–B distance (2.15 Å).271 However, complexation of the four 
coordinate borane H3BNMe3, gives a more anagostic type interaction with a Mn–H–B angle 
approaching linearity (142o) and a long Mn–B distance (2.68 Å).272 Occupation of the empty 
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boron p-orbital in the latter system is thought to prevent significant back bonding from 
occurring, hence giving a less activated bond and weaker ligation.225 In 13a, coordination of 
the pendant arm may raise the Al–H *-orbital to a less accessible energy explaining why 
the back bonding values for 18b are roughly two and a half times smaller than those of both 
18a and 18c. 
 
Figure 5.15 -Borane complexes showing agostic and anagostic type coordination modes 
5.4 Future work 
There is more work to be done before the bonding differences in 18a/18c and 18b 
are fully understood.  For example, it is unclear to what extent crystal packing forces have 
upon the coordination modes adopted. This could be investigated computationally in a 
number of ways. By systematic lengthening the Cu–E bond, the depth of each potential 
energy surface can be analysed. Complexes 18a and 18c could also be optimised in the 
opposite coordination mode to estimate a stabilisation energy of one over the other. 
Imposing resonance structures on the molecule, such as those seen in Figure 5.15 would 
allow a greater understanding of which form best describes the bonding situation in the 
three complexes.   
There are two main goals for the continuation of this project. The first involves 
increasing the interaction (and therefore the equilibrium constant) of copper centres with 
Al–H and Zn–H bonds. This will further weaken the E–H bonds priming these systems for 
insertion chemistry into these novel functional groups. The second involves expanding the 
scope to the activation of more catalytically relevant moieties such as silanes and boranes. 
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These goals can be achieved by the same methods, which involve solvent choice and varying 
the electron deficiency at copper. 
By removing electron density from the copper, the metal centre is encouraged to 
receive electron density from increasingly poorer donors as well as binding the same donors 
more tightly. -Diketiminate ligands that are heavily substituted with CF3 groups have been 
shown to have a dramatic reduction on the electronic density at the metal (Figure 5.16).273 
The Sadighi group systematically varied the amount of CF3 groups on a -diketiminate 
stabilised Cu(I) carbonyl complex. They found that addition of the groups to the backbone, 
and at the 3- and 5- positions of the phenyl ring of the ligand caused the CO stretch to red-
shift by 37 cm-1 relative to the non-fluorinated complex. Another route would be to move to 
a cationic species for example where a halide is removed from CuCl stabilised by a sterically 
imposing NHC ligand in the presence of an E–H bond. Provided that a weakly coordinating 
anion is used this approach could allow coordination of a variety of substrates to copper. 
However, this method does not give an increase in substrate specific binding (i.e. greater 
coordination to solvent would also be seen). Hence solvent choice is also an essential 
variable to consider. Solvation is a common problem in -complex synthesis and some 
molecules are only stable if the reaction involves a solid state transformation.274 As seen 
above, moving to 1,2-difluorobenzene shifts the equilibrium considerably in favour of the -
complexes. The more electron deficient the arene, the weaker its affinity to copper however 
the more fluorines present on the ring, the less stable the arene is towards C–F cleavage.262 
A compromise will need to be found in each system to give strongly bound substrates that 
are not easily displaced by the solvent.  
 
Figure 5.16 Electron deficient Cu(I) complexes  
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Another approach would be to modify the ligand or counterion on the copper 
fragment to increase solubility in hexane. Solvent binding is not entirely an electronic issue. 
If the right balance of sterics between the size of the vacant coordination site on the copper 
and solvent was found, then potentially a more electron rich arene such as mesitylene may 
coordinate less strongly than benzene. Attempts have been made to isolate the PhSiH3 and 
Ph2SiH2 adducts of 17 by running the reactions in neat silane, however so far reactions have 
been unsuccessful. A more electron deficient copper may well yield isolable samples of 
these molecules; however it would be ideal to have a system which can also be studied in 
solution.  
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6. Experimental 
6.1 General Experimental  
All manipulations were carried out under standard schlenk-line or glovebox 
techniques under an inert atmosphere of either dinitrogen or argon. A Saffron model 
glovebox was employed operating under an inert atmosphere of 2-5 ppm O2 as well as an 
MBRAUN model golvebox operating under an inert atmosphere of >0.1 ppm O2. Glassware 
was dried for 12 hours at 120oC prior to use. NMR scale experiments were carried out under 
an inert atmosphere in Young’s tap NMR tubes. NMR spectra were obtained on Bruker 300, 
400 or 500 MHz machines by the author, Mr. Pete Haycock or Mr. Dick Shepard. The 
following external reference compounds were used: Si(CH3)4 (
1H, 13C, 29Si), 85% H3PO4 (
31P), 
CFCl3 (
19F) and CH3NO2 (
15N). All spectra were referenced against residual solvent and values 
are quoted in ppm. Data were processed in Topspin or MestReNova. Where NMR yields 
have been quoted the yields were calculated against ferrocence, C6Me6 or durene as an 
internal standard and processed using the integration package in MestreNova. Infrared 
spectra were obtained as KBr discs pressed by a handheld dye, as a solid using an ATR-IR or 
as a solution in n-hexane. Samples for elemental analysis were flame-sealed in glass 
ampoules under static vacuum and elemental analyses were performed by Stephan Boyer at 
SACS, London Metropolitan University. Mass spectra were obtained by positive ion ESI by 
Dr. Lisa Haigh. Crystallographic data was collected using Agilent Xcalibur PX Ultra A or 
Agilent Xcalibur 3E diffractometers by the author or by Dr. Andrew White, and the 
structures were refined using the Olex2, SHELXTL, SHELX-97, and SHELX-2013 program 
systems.275, 276 
6.2 Solvents and Reagents 
Solvents (toluene, THF, n-hexane and diethyl ether) were dried over activated 
alumina from an SPS (solvent purification system) based upon the Grubbs design and 
degassed before use. 1,2-Difluorobenzene was dried over CaH2 and distilled prior to use. d6-
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Benzene and d8-toluene were dried over molten K, distilled, and stored over molecular 
sieves prior to use.  
6.2.1 Metal Complexes 
LiAlH4 was purified by extraction into THF (10 g in approximately 50 mL) followed by 
filtration and removal of the solvent under reduced pressure at 45oC. Me3NAlH3,
277  
[Li{N(SiMe3)2}], [K{N(SiMe3)2}],
72 [Ca{N(SiMe3)2}2]
278 and [Y{N(SiMe3)2}3]
72 were synthesized 
by literature procedures. Complexes 12a,211 12b,209 12c210 ,12d259 and 17.cyclohexene263 
were prepared using literature procedures. KH was washed with n-hexane prior to use. YCl3, 
CaI2, [Cp2TiCl2], [Na{N(SiMe3)2}] [(Ph3P)3RhCl] and trimethylamine hydrochloride were used 
without further purification. 
6.2.2 Phosphonium ylides 
[Ph3PCH3]I was synthesised via literature known methods by reaction of the 
methyliodide with freshly recrystallised triphenylphoshine in diethyl ether. The 
corresponding ylide was synthesised via literature known methods by deprotonation with 
either KOt-Bu or [K{N(SiMe3)2}]  in diethyl ether.
279 Ph3PCHCH3 and Ph3PCHPh were 
prepared by deprotonation of the purchased corresponding bromide salt with 
[K{N(SiMe3)2}]  in diethyl ether. Triphenylphosphonium oxide was recrystallised from hot 
toluene prior to use. 
6.2.3 Silanes 
Diphenylsilane and triethylsilane were freeze-pump-thaw degassed prior to use. 
Dimethylphenylsilane was dried over Na2SO4, distilled under reduced pressure and freeze-
pump-thaw degassed. Phenylsilane was used without further purification 
6.2.4 Amines 
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Hexamethyldisilazane, di-iso-propylamine, t-butylamine, n-butylamine, 
cyclohexylamine, dicyclohexylamine, N-iso-propylcyclohexylamine, pyrrolidine, piperidine, 
cis-2,6-dimethylpiperidine, N,N-dimethylhydrazine, benzylamine, dibenzylamine, aniline, N-
phenylaniline, N-methylaniline, 2,4,6-trimethylphenylamine, 2,6-di-iso-propylphenylamine, 
4-fluoroaniline, N-methyl-4-fluoroaniline, 2,4,6-trifluoroaniline, N,N-dimethyl-2-toluidine 
and triethylamine were dried over CaH2, distilled under reduced pressure and freeze-pump-
thaw degassed prior to use. 1-Adamantylamine and 2,5-di-tert-butylphenylamine were 
recrystallised from hot toluene. 4-Dimethylaminopyridine was used without further 
purification. N,N’-bis(2,4,6-trimethylphenylamine)ethylenediamine, N,N’-bis(di-iso-
propylphenyl)ethylenediamine,199 2,6-bis(diphenylmethyl)-4-tolylamine280 and Dipp-
NC(Me)CHC(Me)N(H)CH2CH2NMe2
281 were synthesized using literature procedures.  
6.3 Equations 
Rate of exchange and activation energy of fluxional NMR processes 
𝑘𝑇𝑐 =
𝜋 ∆𝑣
√2
    ∆𝐺‡  = 𝑅𝑇𝑐(23.760 + ln
𝑇𝑐
𝑘𝑇𝑐
) 
Tc = coalescence temperature (K) 
kTc = rate of exchange at Tc (Hz) 
∆𝑣 = maximum separation of chemical shifts (Hz) 
G‡ = Gibbs’ free energy of activation (cal mol-1) 
R = gas constant (cal K-1 mol-1) 
Van’t Hoff Equation 
ln K =  − 
∆𝐻𝑜
𝑅𝑇
+  
∆𝑆𝑜
𝑅
 
K = equilibrium constant 
Ho = standard free enthalpy (cal mol-1) 
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So = standard free entropy (cal K-1 mol-1) 
T = temperature (K) 
R = gas constant (cal K-1 mol-1) 
Stokes-Einstein Equation 
𝑟 =  
𝑘𝑏𝑇
6𝜋𝜂𝐷
 
r = hydrodynamic radius 
kb = Boltzmann constant (J K
-1) 
T = temperature (K) 
 = viscosity (J m-2 s2) 
D = Diffusion coefficient (m2 s-1) 
6.4 Synthesis of Ylide Adducts of Metal Amides Reported in Chapter 2 
Synthesis of [Y{N(SiMe3)2}3(CH2PPh3)] (2a) 
 
In a glovebox, [Y{N(SiMe3)2}3] (460 mg, 0.81 mmol) and Ph3PCH2 (0.22 g, 0.81 mmol) were 
weighed out separately and transferred to a schlenk. The schlenk was sealed, removed from 
the box and attached to a vacuum line where dry diethyl ether (5 mL) was added under a 
purge of argon. The mixture was agitated and left to stand for 1 h at 25 oC. The solution was 
removed under vacuum and the product extracted into n-hexane (5 mL). The solution was 
filtered, reduced in volume and stored at -20 oC to produce yellow crystals. The crystals 
were isolated through filtration and dried under vacuum  to give 2a. (404 mg, 0.48 mmol, 59 
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%); 1H (400 MHz, C6D6, 298 K)  0.45 (s, 54H), 1.23 (br d, 2H, 
2J31P-1H  = 13.6 Hz), 7.00-7.05 (m, 
9H), 7.52-7.61 (m, 6H); 13C NMR (101 MHz, C6D6, 298 K)  6.5, 8.4 (br), 129.0 (d, J31P-13C  = 11.7 
Hz), 132.4, 133.0 (d, J31P-13C  = 9.7 Hz); 31P (162 MHz, C6D6 , 298K)  + 30.5; Elemental analysis 
calculated for C37H71N3PSi6Y = C: 52.51 %, H: 8.46 %, N: 4.96 % Found = C: 49.25 %, H: 9.31 
%, N: 4.67 %. 
Synthesis of [Y{(CH2P(Ph)2(C6H4)}{N(SiMe3)2}2] (3) 
 
In a glovebox, [Y{N(SiMe3)2}3] (0.80 mg, 1.40 mmol) and Ph3PCH2 (0.39 mg, 1.40 mmol) were 
weighed together and transferred to a schlenck ampoule. The ampoule was removed from 
the box and attached to a vacuum line, under a purge of argon, toluene (10 mL) was added 
to give a clear yellow solution. The reaction was heated at 80 oC for three hours to give an 
orange solution. Toluene was removed in vacuo and the solid was extracted into n-hexane 
(20 mL), left to settle for 48 hours and then filtered to remove a small amount of an 
unidentified fine white precipitate. Under reduced pressure, the volume of the solution was 
reduced to 10 mL and the mixture left at 25 oC for 14 hours at which point the product 
began to crystallize. The yield of this crystalline material was maximised by cooling the 
mixture to -78 oC for four hours and the product isolated by filtration, which was dried in 
vacuo to give 3 (0.73 g, 1.06 mmol, 76 %).1H NMR (400 MHz, C6D6, 298 K)  0.34 (s, 38H), 
1.11 (dd, 2H, 2J1H-31P = 14.0 Hz, 2J1H-89Y = 2.4 Hz), 6.89-7.05 (m, 8H), 7.23-7.28 (m, 5H), 8.29 (d, 
1H, 3J1H-1H  = 7.2 Hz); 13C NMR (101 MHz, C6D6, 298 K)  5.12, 15.56 (dd, 
1J31P-13C = 1J89Y-13C = 23.6 
Hz), 126.21 (d, 3J31P-13C = 10.5 Hz), 129.07 (d, 2J31P-13C = 8.9 Hz), 130.05 (d, 4J31P-13C = 1.0 Hz), 
131.24 (d, 1J31P-13C = 59.2 Hz), 131.78 (d, 4J31P-13C = 1.3 Hz), 132.10 (dd, 3J31P-13C = 16.0 Hz, 2J89Y -13C = 
1.8 Hz ), 132.47 (d, 3J31P-13C = 7.6 Hz), 136.62 (dd, 1J31P-13C = 86.8Hz, 2J89Y -13C = 2.5 Hz), 139.58 (d, 
1J31P-13C = 21.5 Hz), 195.88 (dd, 2J31P-13C = 1J89Y-13C = 38.5 Hz); 31P NMR (162 MHz, C6D6)  +28.3 (d, 
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1J31P-89Y = 11.2Hz); Elemental analysis calculated for C31H52N2PSi4Y = C: 54.36 %, H: 7.65 %, N: 
4.09 % Found = C: 54.37 %, H: 7.51 %, N: 4.00 %.    
Synthesis of [Li(CH2PPh3){N(SiMe3)2}] (6)   
 
In a glovebox, Ph3PCH2 (0.30 g, 1.09 mmol) and [Li{N(SiMe3)2}] (0.18 g, 1.09 mmol) were 
weighed out separately and transferred to a schlenk flask. The schlenk was removed from 
the box and transferred to a vacuum line where, under a purge of argon, toluene (20 mL) 
was added to give a clear yellow solution. The solution was left unstirred at room 
temperature for one hour before the toluene was removed in vacuo. The resulting solid was 
extracted into refluxing n-hexane (2 x 35 mL), filtered and the volume of the solution was 
reduced to 35 mL. Storage of this solution at -20 oC gave a microcrystalline solid that was 
dried in vacuo, yielding 6 as an off-white solid (0.23 g, 0.53 mmol, 49 %). Crystals suitable for 
X-ray diffraction were grown from a 1:1 toluene:hexane solution at -20 oC. 1H NMR (400 
MHz, C6D6, 298 K)  0.39 (s, 18H), 0.67 (d, 2H, 
2J31P-1H = 4.8 Hz), 7.03-7.06 (m, 9H), 7.58-7.63 
(m, 6H); 13C NMR (101 MHz, C6D6, 298 K)  -4.53 (d, 
1J31P-13C = 62.3 Hz), 6.52, 128.65 (d, 2J31P-13C 
= 11.4 Hz), 131.19 (d, 4J31P-13C = 2.2 Hz), 132.78 (d, 3J31P-13C = 9.7 Hz), 132.81 (d, 1J31P-13C = 84.2 Hz); 
31P NMR (162 MHz, C6D6 , 298 K)  + 27.85; 
7Li NMR (156 MHz, C6D6, 298 K)  +2.2; Due to 
the air sensitive nature of this compound repeated attempts to acquire satisfactory CHN 
failed. 
Synthesis of [Ca(CH2PPh3)2{N(SiMe3)2}2] (7) 
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In a glovebox, [Ca{N(SiMe3)2}2]2 (0.18 g, 0.45 mmol) and Ph3PCH2 (0.25 g, 0.90 mmol, 2 
equiv.) were weighed out separately and transferred to a schlenk. The schlenk was sealed, 
removed from the box and attached to a vacuum line where dry toluene (5 mL) was added 
under a purge of argon. The mixture was agitated and left to stand for one hour at 25 oC. 
The mixture was filtered and n-hexane (10 mL) added, storage of this solution at -20 oC 
produced colourless needles that were isolated by filtration to give the product 7 which was 
dried in vacuo (0.25 g, 0.27 mmol, 60 %); 1H (400 MHz, C6D6, 298 K)  0.46 (s, 36H), 0.54 (d, 
4H, 2J31P-1H  = 12.0 Hz), 7.00-7.06 (m, 18H), 7.42-7.48 (m, 12H); 31P (162 MHz, C6D6 , 298 K)  + 
30.1; 13C NMR (101 MHz, C6D6, 298 K)  0.3 (d, 
1J31P-13C  = 34.3 Hz), 6.9, 129.1 (d, J31P-13C  = 9.1 
Hz), 130.9 (d, 1J31P-13C  = 67.7 Hz), 131.9 (d, 1J31P-13C  = 1.1 Hz), 132.8 (d, 3J31P-13C  = 8.1 Hz); 
Elemental analysis calculated for C50H70CaN2P2Si4 = C: 65.74 %, H: 7.72 %, N: 3.07 % Found = 
C: 65.79 %, H: 7.78 %, N: 2.97 %.     
6.5 Catalytic Ylide/Silane Reactions 
NMR scale synthesis of Ph3PCHSiH2Ph (4) 
 
In a glovebox, PhSiH3 (14.4 L, 0.116 mmol) was dissolved in C6D6 (100 L) and transferred 
to a Youngs tap NMR tube. [Y{N(SiMe3)2}3] (0.013 g, 0.023 mmol) and durene (internal 
standard accurately weighed 5-10 mg) in C6D6 (300 L) was added to the NMR tube followed 
swiftly by Ph3PCH2 (0.032 g, 0.116 mmol) in C6D6 (200 L). The tube was left at room 
temperature for 30 minutes to give complete consumption of Ph3PCH2 and production of 4 
in an 88 % NMR yield as judged by comparison to an internal standard. Triphenylphosphine 
and methyldiphenylphosphine were present in trace amounts and confirmed by spiking 
experiments with authentic samples.  
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Preparative scale synthesis of [Ph3PCHSiH2Ph] (4): In a glovebox, [Y{N(SiMe3)2}3] (0.13 g, 0.23 
mmol),  Ph3PCH2 (0.32 g, 1.16 mmol) and PhSiH3 (144 L, 1.16 mmol) were measured and 
transferred to separate schlenk flasks. The flasks were removed from the box, attached to a 
vacuum line and under a purge of argon, toluene (10 mL) was added to each flask giving 
homogeneous solutions. To the schlenk containing the PhSiH3 solution, the toluene solution 
of [Y{N(SiMe3)2}3] was added, followed swiftly by the toluene solution of Ph3PCH2. The 
reaction was stirred at 25 oC for five hours during which time bubbling was observed. The 
toluene was removed in vacuo and the solid was extracted into n-hexane (20 mL). The 
solution was placed at -20 oC for 18 hours to give 4. 1H NMR (500 MHz, C6D6)  0.56 dt, 1H. 
2J1H-31P = 7.0 Hz, 3J1H-1H = 4.5 Hz), 5.24 (ddd, 2H, 1J29Si-1H  = 93.6 Hz, 
3J1H-31P = 4.5 Hz, 3J1H-1H = 4.5 
Hz), 6.97-7.05 (m, 9H), 7.19-7.27 (m, 3H), 7.61-7.65 (m, 6H) 7.89 (dd, 2H, 3J1H-1H = 8.0 Hz, 4J1H-
1H = 1.5 Hz); 13C NMR (101 MHz, C6D6, 298 K)   -8.55 (d, 
1J31P-13C = 78.6 Hz), 127.67, 128.17 (d, 
2J31P-13C = 11.6 Hz), 128.44, 131.04 (d, 4J31P-13C = 1.7 Hz), 133.02 (d, 3J31P-13C = 7.9 Hz), 133.50 (d, 
1J31P-13C = 69.7 Hz), 135.33, 140.36 (d, 3J31P-13C = 4.1 Hz); 31P NMR (162 MHz, C6D6)  +23.8; 
29Si 
NMR (99 MHz, C6D6)  -41.8. High-resolution MS (ESI, +ve) calculated for C25H24SiP = 
383.1385 found = 383.1389. 
NMR scale synthesis of [Ph2PCH2SiH2Ph] (5)  
 
In a glovebox, PhSiH3 (14.4 L, 0.116 mmol) was dissolved in C6D6 (100 L) and transferred 
to a Youngs tap NMR tube. [Ca{N(SiMe3)2}2]2 (0.008 g, 0.023 mmol) in C6D6 (300 L) was 
added to the NMR tube followed swiftly by Ph3PCH2 (0.032 g, 0.116 mmol) in C6D6 (200 L). 
The tube was left at room temperature for 5 h to give complete consumption of Ph3PCH2 
and production of 5 in a 60 % NMR yield as judged by comparison to an internal standard. 
Methyldiphenylphosphine was also observed in a 28 % NMR yield. 1H NMR (400 MHz, C6D6) 
 1.48 (dt, 3J1H-1H = 4.0 Hz, 2J1H-31P = 0.8 Hz), 4.47 (dt, 3J1H-1H = 4.0 Hz, 3J1H-31P = 4.0 Hz); 31P NMR 
(162 MHz, C6D6)  -19.9; High-resolution MS (ESI, +ve) calculated for C19H20SiP = 307.1072 
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Found 307.1107. [Literature data:3 1H NMR (CDCl3)  1.65 (
3J1H-1H = 4.5Hz), 4.25 (2J1H-1H = 
4.5Hz), 7.0-7.5 (m); 31P NMR (162 MHz, C6D6)  -19.0].  
6.6 Yttrium-Catalysed Dehydrocoupling of Amines with Silanes 
 
Representative NMR scale procedure 
Synthesis of Bn2NSiH2Ph (8j) 
 
In a glovebox, dibenzylamine (22.4 L, 0.12 mmol), phenylsilane (14.4 L, 0.12 mmol) and 
the internal standard were dissolved in C6D6 (450 L) and transferred to a Youngs tap NMR 
tube. The tube was removed from the glovebox, a baseline 1H NMR spectrum recorded and 
the tube returned to the glovebox before the addition of 3 (5 mol%) in C6D6 (150 L). The 
reaction was monitored in situ by 1H and 31P NMR spectroscopy and gave 99 % yield after 
3.5 h at 25 oC. 1H NMR (400 MHz, C6D6)  3.85 (s, 4H), 5.35 (s, 2H), 7.05 – 7.19 (m, 13H), 7.62 
– 7.64 (m, 2H); 13C NMR (100 MHz, C6D6)  51.2, 126.8, 128.1, 128.2, 128.3, 130.1, 134.3, 
135.1, 139.8; 15N NMR (51 MHz, C6D6)  +24.1; 
29Si NMR (99MHz, C6D6)  -20.0  [Literature 
data: 1H NMR (400 MHz, C6D6)  3.99 (s, 2H), 5.19 (s, 4H), 7.03-7.16 (m, 13H), 7.48-7.50 (m, 
2H); 13C NMR (100 MHz, C6D6) 51.4, 127.1, 128.1, 128.1, 128.3, 130.2, 133.9, 135.0, 140.4; 
15N NMR (41 MHz, C6D6)  +29.2; 
29Si NMR (79.5 MHz, C6D6)  -21.8].
103 
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Synthesis of t-BuHNSiH2Ph (8a)
 
 
As with 8j, but with 0.9 equiv. of t-butylamine. 99 % yield after 1 h at 25 oC. 1H NMR (400 
MHz, C6D6)  0.65 (br s, 1H), 1.04 (s, 9H), 5.11 (d, 2H, 
3J1H-1H = 2.8Hz), 7.20 (m, 3H), 7.66 – 
7.68 (m, 2H); 13C NMR (100 MHz, C6D6)  32.8, 128.2, 128.3, 130.0, 134.9; 
15N NMR (51 MHz, 
C6D6)  +44.4; 
29Si NMR (99 MHz, C6D6)  -38.4 [Literature Data: 
1H NMR (400 MHz, C6D6):  
0.67 (br s, 1H), 1.06 (s, 9H), 5.12 (d, 2H, 3J1H-1H = 2.8Hz), 7.20 (m, 6H), 7.68 (m, 4H); 13C{1H} 
NMR (100 MHz, C6D6)  33.21 (Me); 49.67 (CH), 128.64, 130.40 (meta-C), 135.34 (ortho-C), 
136.85 (ipso-C), 29Si NMR (C6D6, 79 MHz) -37.36; Infrared (neat, cm
-1) 3389 br s (νNH), 3068 
s, 3051 s, 3000 s, 2961 s, 2904 s, 2868 s, 2139 br s (νSiH), 1464 s, 1428 m, 1374 s, 1219 s, 
1116 m, 1012 m, 742 m, 699 m].120    
Synthesis of C6H11HNSiHPh2 (8b) 
 
As with 8j, 98 % yield after 4.5 hours at 25 oC. 1H NMR (400 MHz, C6D6)  0.80 (br d, 
3J1H-1H = 
8.4Hz), 0.93 - 1.05 (m, 5H), 1.33 – 1.40 (m, 1H), 1.49 – 1.55 (m, 2H), 1.81 – 1.90 (m, 2H), 2.68 
– 2.77 (m, 1H), 5.68 (d, 1H, 3J1H-1H = 2.4Hz), 7.18-7.22 (m, 6H), 7.70 – 7.73 (m, 4H); 13C NMR 
(100 MHz, C6D6)25.6, 26.0, 38.1, 51.8, 128.2, 130.1, 135.2, 136.6; 
15N NMR (51 MHz, C6D6) 
 +38.1; 29Si NMR (79 MHz, C6D6)  -20.5.   
Synthesis of n-BuHNSiHPh2 (8c) 
150 
 
 
As with 8j with C6Me6 as an internal standard. 90 % yield after 2 h at 25
oC. 1H NMR (400 
MHz, C6D6)  0.65 (br s, 1H), 0.77 (t, 3H, 
3J1H-1H = 7.2Hz), 1.10 – 1.20 (m, 2H), 1.23 – 1.30 (m, 
2H), 2.72 (q, 2H, 3J1H-1H = 7.2Hz), 5.61 (d, 2H, 3J1H-1H = 2.4Hz), 7.19 – 7.21 (m, 6H), 7.68 – 7.70 
(m, 4H); 13C NMR (100 MHz, C6D6)  13.7, 19.8, 36.4, 42.5, 128.4, 128.5, 129.8, 134.9; 
15N 
NMR (51 MHz, C6D6)  18.9; 
29Si NMR (99 MHz, C6D6)  -17.7.  
Synthesis of t-BuHNSiHPh2 (8d) 
 
As with 8j, 90 % conversion of silane to product after 4 h at 80 oC. 1H NMR (400 MHz, C6D6)  
0.95 (br s, 1H), 1.11 (s, 9H), 5.72 (d, 2H, 3J1H-1H = 3.2Hz), 7.20 – 7.21 (m, 6H), 7.69 – 7.71 (m, 
4H);  13C NMR (100 MHz, C6D6)32.9, 49.3, 127.9, 129.6, 134.8, 137.0; 
15N NMR (51 MHz, 
C6D6)+51.2; 
29Si NMR (50.7 MHz, C6D6)-38.4  [Literature data: 
1H NMR (400 MHz, C6D6) 
 0.92 (br s, 1H), 1.11 (s, 9H), 5.72 (d, 2H, 3J1H-1H = 3.2Hz), 7.20 (m, 3H), 7.71 (m, 2H); 13C NMR 
(100 MHz, C6D6, 29.8, 32.9, 128.2, 129.6, 131.3, 134.8; 
29Si NMR (99 MHz, C6D6) -18.7; 
infrared (neat, cm-1) 3384, 3135, 3068, 3051, 3000, 2964, 2868, 2138, 1588, 1485, 1429, 
1360, 1222, 1122, 936, 841, 697].120 
Synthesis of Me2NNHSiHPh2 (8e) 
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As with 8j, 72 % yield after 70 h at 25 oC. 1H NMR (400 MHz, C6D6)  2.20 (s, 6H), 2.24 (br s, 
1H), 5.64 (d, 1H, 3J1H-1H = 1.2Hz), 7.21 – 7.22 (m, 6H), 7.74 – 7.76 (m, 4H); 13C NMR (100 MHz, 
C6D6)51.7, 128.3, 128.4, 130.1, 135.3; 
15N NMR (51 MHz, C6D6)+60.2, 91.5; 
29Si NMR 
(50.7 MHz, C6D6)-23.0  [Literature Data: 
1H NMR (C6D6) 2.22s, 6H, NMe), 5.62 (s, 1H, 
SiH), 7.2-8.0 (m, 10 H, ArH); CI-Mes (m/z) 242].116 
Synthesis of i-Pr2NSiH2Ph (8f) 
 
As with 8j, 86 % yield after 26 h at 25 oC. 1H NMR (400 MHz, C6D6)  1.06 (d, 12H, 
3J1H-1H = 
6.8Hz), 3.07 (sept., 2H, 3J1H-1H = 6.8Hz), 5.18 (s, 2H), 7.19 – 7.24 (m, 3H), 7.67 – 7.70 (m, 2H); 
13C NMR (100 MHz, C6D6)  24.3, 47.6, 128.3, 128.4, 129.8, 134.9; 
15N NMR (51 MHz, C6D6)  
+47.5; 29Si NMR (99 MHz, C6D6)  -38.3 [Literature data: 
1H NMR (300 MHz, C6D6) 1.06d, 
12H, 3J1H-1H = 6.9 Hz, Me), 3.07 (sept, 2H, 3J1H-1H = 6.7 Hz, CHMe2), 5.19 (s, 2H, SiH2), 7.20 (m, 
3H, meta/para ArH), 7.69 (m, 2H, ortho ArH); 13C NMR (100 MHz, C6D6)  24.39(Me), 47.64 
(CHMe2), 128.20 (para-C), 128.30 (meta-C), 129.9 ortho-C), 134.9 (ipso-C); 
29Si NMR (79.5 
MHz, C6D6)  -38.22].
126 
Synthesis of (C6H11)2NSiH2Ph (8g)
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As with 8j, 96 % yield after 4 h at 80 oC. 1H NMR (400 MHz, C6D6)  0.90 – 0.98 (m, 2H), 1.05 
– 1.17 (m, 4H), 1.41 – 1.51 (m, 6H), 1.63 (m, 4H), 1.77 (m, 4H),  2.69 (m, 2H), 5.27 (s, 2H), 
7.18 – 7.26 (m, 3H), 7.75 (m, 2H); 13C NMR (100 MHz, C6D6)  25.9, 26.9, 35.7, 57.6, 128.2, 
129.9, 134.8, 137.4; 15N NMR (51 MHz, C6D6)  +50.4; 
29Si NMR (99 MHz, C6D6)  -37.1. 
Synthesis of i-Pr(C6H11)NSiH2Ph (8h)
 
 
As with 8j, 95 % yield after 5.5 h at 80 oC. 1H NMR (400 MHz, C6D6)  1.04 – 1.15 (m, 2H), 
1.07 (d, 6H, 3J1H-1H = 6.4Hz), 1.37-1.47 (m, 4H), 1.57 – 1.66 (m, 2H), 1.70 – 1.77 (m, 2H), 2.61 
(tt, 1H, 3J1H-1H = 11.8Hz, 3J1H-1H = 3.8Hz), 3.12 (sept., 1H, 3J1H-1H = 6.4Hz), 5.21 (s, 2H), 7.19 – 7.24 
(m, 3H), 7.69 – 7.71 (m, 3H); 13C NMR (100 MHz, C6D6)  24.2, 26.1, 26.9, 35.8, 48.8, 56.2, 
128.2, 128.2, 129.9, 134.9; 15N NMR (51 MHz, C6D6)  +48.8; 
29Si NMR (99 MHz, C6D6)  -
37.6. 
Synthesis of trans-(CH3)2C5H8NSiH2Ph (8i)
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As with 8j, 99 % yield after 3 h at 80 oC. 1H NMR (400 MHz, C6D6)  1.10 - 1.18 (m, 2H) 1.21 
(d, 6H, 3J1H-1H = 6.8Hz), 1.25 – 1.33 (m, 1H), 1.36-1.42 (m, 2H), 1.61 – 1.69 (m, 1H), 2.95 – 3.03 
(m, 2H), 5.18 (s, 2H), 7.18 – 7.24 (m, 3H), 7.63 – 7.66 (m, 2H); 13C NMR (100 MHz, C6D6)  
21.8, 23.6, 34.2, 54.0, 128.2, 128.3, 129.7, 134.5; 15N NMR (51 MHz, C6D6)  +46.5; 
29Si NMR 
(99 MHz, C6D6)  -38.3. 
Synthesis of Bn2NSiHPh2 (8k) 
 
As with 8j with C6Me6 as an internal standard. 77 % yield following 59 h at 80 
oC. 1H NMR 
(400 MHz, C6D6)  4.00 (s, 4H), 5.89 (s, 1H), 7.07 – 7.21 (m, 16H), 7.72 – 7.74 (m, 4H);
 13C 
NMR (100 MHz, C6D6)  50.2, 126.8, 128.1, 128.2, 128.5, 129.9, 135.1, 135.4, 139.9; 
15N 
NMR (51 MHz, C6D6)  +29.1; 
29Si NMR (99 MHz, C6D6)  -10.3. 
Synthesis of C5H10NSiHPh2 (8l) 
 
As with 8j, 99 % yield after 21 h at 25 oC. 1H NMR (400 MHz, C6D6)  1.32 (q, 6H, 
3J1H-1H = 
5.6Hz), 2.92 (t, 4H, 3J1H-1H = 5.6Hz), 5.55 (s, 1H), 7.20 – 7.23 (m, 6H), 7.67 – 7.70 (m, 4H); 13C 
NMR (100 MHz, C6D6)  25.5, 27.8, 47.7, 128.3, 130.0, 135.5, 135.7; 
15N NMR (51 MHz, 
C6D6)+26.6; 
29Si NMR (50.7 MHz, C6D6)-14.1. 
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Synthesis of C5H10NSiMe2Ph (8m) 
 
As with 8j, 85 % conversion of silane to product after 19 h at 80 oC. 1H NMR (500 MHz, C6D6) 
 0.30 (s, 6H), 1.32 (q, 4H, 3J1H-1H  = 5.2Hz), 1.44 – 1.51 (m, 2H), 2.81 (t, 4H, 3J1H-1H = 5.2Hz), 
7.23 – 7.30 (m, 3H), 7.59 (dd, 2H, 3J1H-1H  = 7.6Hz, 4J1H-1H = 1.6Hz); 13C NMR (125 MHz, C6D6)  -
1.9, 25.9, 28.1, 46.9, 128.2, 128.3, 129.2, 134.1; 15N NMR (51 MHz, C6D6)  +30.1; 
29Si NMR 
(79 MHz, C6D6)  -2.8.  
Synthesis of Ylide Adducts of Yttrium Amides 
Synthesis of [Y{N(SiMe3)2}2(NC5H10)(CH2PPh3)] (2b) 
 
In a glovebox, [Y{N(SiMe3)2}3] (400 mg, 0.70 mmol) and Ph3PCH2 (194 mg, 0.70 mmol) were 
weighed into a 20 mL scintillation vial. Dry diethyl ether (5 mL) was added, followed by 
piperidine (83 L, 0.84 mmol, 1.2 equiv.). The mixture was agitated and left to stand for 2 h 
at 25 oC. The volatiles were removed under vacuum and the product extracted into n-
hexane (5 mL). The solution was filtered, reduced in volume and stored at -20 oC to produce 
pale yellow crystals. The crystals were isolated through filtration and dried under vacuum to 
give 2b. (269 mg, 0.35 mmol, 50 %); 1H (400 MHz, C6D6, 298 K)  0.46 (s, 36H), 1.20 (dd, 2H, 
2J31P-1H  = 17.6 Hz, 2J89Y-1H  = 2.8 Hz), 1.52 – 1.58 (m, 4H), 1.67 – 1.72 (m, 2H), 3.36 (m, 4H), 7.01 
- 7.03 (m, 9H), 7.45 - 7.50 (m, 6H); 13C NMR (101 MHz, C6D6, 298 K)  5.8 , 9.1 (dd, 
1J31P-13C  = 
1J89Y-13C  = 31.4 Hz), 27.0, 29.3, 51.9, 127.7, 128.0, 129.4 (d, J31P-13C  = 11.8 Hz), 132.6 (d, J31P-13C  = 
155 
 
2.4 Hz), 132.9 (d, J31P-13C  = 9.7 Hz); 31P (162 MHz, C6D6 , 298K)  + 32.4 (d, 
2J31P-89Y = 5.2 Hz); 
Elemental analysis calculated for C36H62N3PSi4Y = C: 56.22 %, H: 8.13 %, N: 5.46 % Found = C: 
56.56 %, H: 8.24 %, N: 5.40 %. 
Synthesis of [Y{N(SiMe3)2}2(NHt-Bu)(CH2PPh3)] (2c) 
 
In a glovebox, [Y{N(SiMe3)2}3] (150 g, 0.26 mmol) and Ph3PCH2 (73 mg, 0.26 mmol) were 
weighed into a 20 mL scintillation vial. Dry diethyl ether (5 mL) was added, followed by t-
butylamine (33 L, 0.32 mmol, 1.2 equiv.). The mixture was agitated and left to stand for 2 h 
at 25 oC. The volatiles were removed under vacuum and the product extracted into n-
hexane (5 mL). The solution was filtered, reduced in volume and stored at -20 oC to produce 
pale yellow crystals. The crystals were isolated through filtration and dried under vacuum to 
give 2c. (136 mg, 0.18 mmol, 69 %); 1H (400 MHz, C6D6, 298 K)  0.46 (s, 36H), 1.13 (dd, 2H, 
2J31P-1H  = 17.6 Hz, 2J89Y-1H  = 2.4 Hz), 1.37 (s, 9H), 2.18 (d, 1H, 2J89Y-1H  = 2.4 Hz) 7.01-7.04 (m, 9H), 
7.52-7.58 (m, 6H); 13C NMR (101 MHz, C6D6, 298 K)  6.0 , 8.0 (dd, 
1J31P-13C  = 1J89Y-13C  = 30.5 Hz), 
129.3 (d, J31P-13C  = 11.8 Hz), 132.6 (d, J31P-13C  = 2.4 Hz), 133.0 (d, J31P-13C  = 9.7 Hz); 31P (162 MHz, 
C6D6 , 298K)  + 32.5 (d, 
2J31P-89Y = 4.9 Hz); Due to the air sensitive nature of this compound 
repeated attempts to acquire satisfactory CHN failed. 
Determination of the ylide dependency in the synthesis of substrates 8a – 8m 
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Representative NMR scale procedure 
In a glovebox, dibenzylamine (27.0 L, 0.14 mmol), phenylsilane (17.8 L, 0.14 mmol) and 
ferrocene (3-5 mg) were dissolved in C6D6 (900 L) in a glass vial. The solution was spilt into 
two equal portions and  transferred to two Youngs tap NMR tubes. The tubes was removed 
from the glovebox, a baseline 1H NMR spectrum recorded on both samples and the tubes 
returned to the glovebox. A solution of either 3 (10 mol%) or [Y{N(SiMe3)2}3] (10 mol%) in 
C6D6 (150 L) was added to each tube and the time recorded. The reaction was monitored in 
situ by 1H and 31P NMR spectroscopy. Full details of the results of each reaction, see Table 
3.2.  
Calculation of initial rates 
The initial rates in Chapter 3 were calculated as follows. Reactions were prepared as in the 
previous paragraph. The concentrations of the corresponding product over the first hour of 
the reaction (typically 4-5 time points) were obtained by integration of the 1H NMR spectra 
against an internal standard.  A plot of concentration vs time was drawn and a line fitted 
using OriginPro 9.1. The initial rate corresponds to the gradient of this line. 
6.7 Synthesis of Aluminium Hydride Complexes 
Synthesis of [(MesNCH2)2AlHNMe3] (9a) 
 
In a glovebox, N,N’-bis(mesityl)ethylenediamine (3.00 g, 10.12 mmol) and AlH3NMe3 (0.9 g, 
10.12 mmol) were weighed separately each dissolved in dry diethyl ether (20 mL) and 
transferred into separate schlenk flasks. Both flasks were removed from the box and cooled 
to -78 oC. To the schlenk containing the AlH3NMe3 solution, the diethyl ether solution of the 
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proligand was added dropwise and the mixture slowly warmed to 25 oC. The reaction was 
stirred at 25 oC for 16 h during which time gas evolution was observed. The solution was 
filtered to remove a small amount of fine white precipitate before the ether was removed in 
vacuo, the crude was dissolved in n-hexane (10 mL). Storage of this solution at -20 oC gave a 
microcrystalline solid that was dried in vacuo, yielding 9a as a colourless solid (1.51 g, 3.96 
mmol, 39 %). Crystals suitable for X-ray diffraction were grown from toluene solution at -20 
oC. 1H NMR (400 MHz, C6D6)  1.63 (s, 9H), 2.28 (s, 6H), 2.43 (br s, 6H), 2.80 (br s, 6H), 3.21-
3.29 (m, 2H), 3.54-3.61 (m, 2H), 6.99 (s, 4H); 13C NMR (101 MHz, C6D6, 298 K)  20.6, 45.2, 
53.8, 128.0, 129.5, 130.4, 134.7, 149.0; Infrared (solid, cm-1) 1776; Elemental analysis 
calculated for C23H36AlN3 = C: 72.40 %, H: 9.51 %, N: 11.01 % Found = C: 72.45 %, H: 9.58 %, 
N: 10.92 %.    
Synthesis of [(DippNCH2)2AlHNMe3] (9b) 
 
In a glovebox, N,N’-bis(di-iso-propylphenyl)ethylenediamine (2.02 g, 5.32 mmol) and 
AlH3NMe3 (0.47 g, 5.32 mmol) were weighed together into a schlenk flask. The flask was 
removed from the box and cooled to -78 oC. To the schlenk was added diethyl ether (30 mL) 
that had been pre-cooled to -78 oC, and the reaction mixture was allowed to reach 25 oC and 
stirred for 17 h during which time gas evolution was observed. The solvent was removed in 
vacuo, and the resulting crude solid was dissolved in toluene (10 mL). Storage of this 
solution at -20 oC gave a microcrystalline solid that was dried in vacuo, yielding 9b as a 
colourless solid (1.19 g, 2.36 mmol, 45 %). 1H NMR (400 MHz, C6D6)  1.25 (d, 6H, 
3J1H-1H = 7.2 
Hz), 1.38 (d, 6H, 3J1H-1H = 6.8 Hz), 1.47 (d, 6H, 3J1H-1H = 7.2 Hz), 1.62 (d, 6H, 3J1H-1H = 6.8 Hz), 1.71 
(s, 9H), 3.32-3.40 (m, 2H), 3.63-3.70 (m, 2H), 3.84 (sept, 2H, 3J1H-1H = 6.8 Hz), 4.32 (sept, 2H, 
3J1H-1H = 6.8 Hz), 7.18-7.23 (m, 4H), 7.27-7.32 (m, 2H); 13C NMR (101 MHz, C6D6, 298 K)   24.9, 
25.1, 26.3, 26.7, 28.0, 28.9, 45.5, 56.9, 123.9, 124.1, 124.3, 147.5, 148.8; IR (cm-1) 1829; 
Elemental analysis calculated for C29H48AlN3 = C: 74.79 %, H: 10.39 %, N: 9.01 % Found = C: 
72.62 %, H: 10.26 %, N: 9.13 %.     
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Synthesis of [(DippNCH2)2AlH]2 (cis-10) 
 
In a glovebox, 9b (0.220 g, 0.472 mmol) was weighed into a long, thin schlenk flask. The flask 
was removed from the box and evacuated on a vacuum line. Once the internal pressure had 
stabilised (1 x 10-2 mbar), the schlenk flask was heated at 160 oC under dynamic vacuum for 
one hour until the internal pressure returned to its starting value. The resulting solid was 
dissolved in toluene (2 mL) and storage of this solution at -20 oC gave crystals suitable for X-
ray diffraction which were dried in vacuo, yielding cis-10 as a white solid (0.062 g, 0.076 
mmol, 32 %). 1H NMR (400 MHz, C6D6)  0.89 (d, 6H, 
3J1H-1H = 6.5 Hz), 0.96 (d, 6H, 3J1H-1H = 6.0 
Hz) 1.19 (d, 6H, 3J1H-1H = 6.5 Hz) 1.26 (d, 6H, 3J1H-1H = 7.0 Hz) 1.33 (d, 6H, 3J1H-1H = 6.5 Hz) 1.35 (d, 
6H, 3J1H-1H = 7.0 Hz) 1.42 (d, 6H, 3J1H-1H = 6.5 Hz) 1.50 (d, 6H, 3J1H-1H = 7.0 Hz), 2.46 (sept, 2H, 3J1H-
1H = 6.8 Hz), 2.91 (dd, 2H, 2J1H-1H = 10.5 Hz, 3J1H-1H = 4.5 Hz), 3.12 (dd, 2H, 2J1H-1H = 12.5 Hz, 3J1H-1H = 
3.0 Hz), 3.64 (dt, 2H, 2J1H-1H = 12.0 Hz, 3J1H-1H = 3.0 Hz), 3.86 (sept, 2H, 3J1H-1H = 6.5 Hz), 3.95 
(sept, 2H, 3J1H-1H = 6.5 Hz), 4.04 (sept, 2H, 3J1H-1H = 7.0 Hz), 4.31 (br, 2H), 4.96 (dt, 2H, 2J1H-1H = 
12.0 Hz, 3J1H-1H = 4.5 Hz), 6.93-7.03 (m, 6H), 7.19-7.25 (m, 6H); 13C NMR (101 MHz, C6D6, 298 
K)  23.3, 23.7, 25.6, 26.4, 27.3, 27.9, 28.6, 29.3, 30.9, 31.3, 54.1, 59.7, 124.0, 124.1, 125.1, 
125.3, 126.5, 144.4, 145.6, 146.0, 146.4; IR (solid, cm-1) 1903; Elemental analysis calculated 
for C52H78Al2N4 = C: 76.81 %, H: 9.67 %, N: 6.89 % Found = C: 78.87 %, H: 7.58 %, N: 6.84 %.      
Synthesis of [(Ar*NH)2Al(H)NMe3] (11) 
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In a glovebox, 2,6-bis(diphenylmethyl)-4-tolylamine (Ar*NH2, 0.88 g, 2.00 mmol) was 
weighed into a schlenck flask before toluene (12 mL) was added. To this rapidly stirred slurry 
was added a solution of Me3NAlH3 (0.09 g, 1.00 mmol) in toluene (3 mL) dropwise over the 
course of ten minutes The schlenk was sealed and left to stir overnight at 20 oC before the 
toluene was removed in vacuo. The solid was dissolved in toluene (10 mL) and the resulting 
solution stored at -20 oC to yield 11 as colourless crystals (0.57 g, 0.55 mmol, 55 %). 1H NMR 
(400 MHz, C6D6, 298 K)  1.42 (s, 9H), 1.95 (s, 6H), 2.11 (s, 3H), 2.25 (s, 2H), 4.58 (br, 1H), 
6.21 (s, 4H), 6.84 (s, 4H), 6.98-7.17 (m, 40H); 13C NMR (101 MHz, C6D6, 298 K)  21.13, 46.07, 
53.46, 126.37, 128.42, 128.51, 130.31, 130.42, 135.12, 144.81, 145.08, 145.84; Elemental 
analysis calculated for C69H66AlN3 = C: 85.95 %, H: 6.90 %, N: 4.36 % Found = C: 86.15 %, H: 
7.11 %, N: 4.41 %.  
Synthesis of [3-{Dipp-NC(Me)CHC(Me)NCH2CH2NMe2}AlH2] (13a) 
 
Method A: Under a purge of inert gas, LiAlH4 (414 mg, 10.9 mmol, 1.2 equiv.) was added to 
a schlenk tube, the schlenk was cooled to -78 °C followed by careful addition of diethyl 
ether (20 mL). A solution of the proligand (3.0 g, 9.10 mmol) in diethyl ether (10 mL) was 
added to the aforementioned mixture via cannula. Once the addition was complete the 
cooling bath was removed. The reaction mixture was warmed to 25 oC and left to stir for 
24h. The precipitated LiH (CARE: pyrophoric) was allowed to settle and the supernate 
isolated by cannula filtration. Slow reduction of the solvent volume to 10 mL under vacuum, 
followed by storage at -18 oC gave colourless crystals of 13a that were isolated by filtration 
(0.945g, yield 24 %). Method B:  A solution of AlH3NMe3 (0.27 g, 3.03 mmol, 1.2 equiv.) in 
toluene (20 mL) was cooled to -78 oC. A solution of the proligand (0.83 g, 2.53 mmol) in 
toluene (10 mL) was added to the aforementioned mixture via cannula. The reaction 
mixture was warmed to 25 oC and left to stir overnight (14 h). The solution was filtered by 
cannula and the solvent removed. The crude product was washed with n-hexane (30 mL) to 
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give 13a as a pale yellow solid (0.57 g, 1.31 mmol, 52 %). 1H NMR (C6D6, 400 Hz, 298 K) δ 
1.27 (d, 6H, 3J1H-1H  = 6.8 Hz), 1.69 (d, 6H, 3J1H-1H  = 6.8 Hz), 1.71 (s, 3H), 1.72 (s, 3H), 1.96 (s, 
6H), 2.20 (t, 2H, 3J1H-1H  = 6.4 Hz), 2.76 (t, 2H, 3J1H-1H  = 6.4 Hz), 3.67 (hept, 2H, 3J1H-1H = 6.8 Hz), 
4.87 (s, 1H), 7.3 (m, 3H) 13C NMR (C6D6, 100 MHz, 298 K) δ 22.8, 23.5, 24.9, 25.7, 28.4, 43.5, 
44.6, 54.8, 95.1, 124.3, 126.3, 142.9, 144.1, 167.7; Infrared (cm-1, solid) 1743; Infrared (cm-1, 
n-hexane) 1745; Elemental analysis calc. for C21H36AlN3 C, 70.55 %; H, 10.15 %; N, 11.75 %; 
found C, 70.42 %; H, 10.05 %; N, 11.68 %.  
6.8 Synthesis of Aluminium Hydride-Amides 
6.8.1 Synthesis of Aluminium Hydride-Amides by Thermal Dehydrocoupling 
Synthesis of [{Dipp-NC(Me)CHC(Me)NCH2CH2NMe2}Al(NH-4-C6H4F)2] (13b) 
 
In a glovebox, 13a (0.117 g, 0.33 mmol, 1 equiv.) was weighed out and transferred to a 20 
mL glass scintillation vial. Dry diethyl ether (2 mL) was added followed by dropwise addition 
of the 4-fluoroaniline (0.062 mL, 0.66 mmol, 2 equiv.). The vial was sealed and after 1 h at 
25 oC the solution was filtered and the solvent was removed under reduced pressure. The 
crude reaction mixture was extracted into hot n-hexane (5 mL) and stored at 25 oC. 
Colourless needle crystals of 3 (0.129 g, 0.22 mmol, 68 %) formed overnight, were isolated 
by filtration and dried under vacuum. 1H NMR (C6D6, 500 MHz, 298 K) δ 1.00 (d, 6H, 
3J1H-1H = 
6.5 Hz, CHMe2), 1.10 (d, 6H, 
3J1H-1H = 6.5 Hz), 1.54 (s, 3H), 1.72 (s, 3H), 1.89 (s, 6H), 2.20 (t, 2H, 
3J1H-1H = 6.5 Hz), 3.12 (hept, 2H, 3J1H-1H = 6.5 Hz), 3.29 (br s, 2H), 3.30 (t, 2H, 3J1H-1H = 6.5 Hz), 
4.90 (s, 1H), 6.21 (m, 4H), 6.81 (m, 4H), 7.04 (d, 2H, 3J1H-1H = 6.5 Hz), 7.12 (m, 1H); 13C NMR 
(C6D6, 125 MHz, 298 K) δ 21.4, 23.3, 24.2, 25.0, 28.2, 45.8, 46.2, 60.6, 97.5, 115.6 (d, 
2J13C-19F = 
21.6 Hz), 116.9 (d, 3J13C-19F = 6.9 Hz), 124.7, 139.4, 145.1, 148.8, 155.2 (d, 1J13C-19F = 230.0 Hz), 
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169.9, 171.2; 15N NMR (C6D6, 41 MHz, 298 K) δ 22.4, 70.1, 164.1, 168.3; 
19F NMR (C6D6, 470 
MHz, 298 K) δ –131.1; Infrared (solid, cm-1) 3211, 2962, 2867, 2825, 2778, 1620, 1556, 1500, 
1396; Elemental analysis calc. for C33H44AlF2N5 C, 68.85 %; H, 7.70 %; N, 12.16 %; found C, 
68.74 %; H, 7.78 %; N, 11.82 %. 
Observation of reaction intermediate [{Dipp-NC(Me)CHC(Me)NCH2CH2NMe2}Al(H)(NH-4-
C6H4F)] (13b’) 
 
In a glovebox, 13a (0.39 g, 0.1 mmol, 1 equiv.) was weighed out and dissolved in C6D6 (0.5 
mL). The solution was transferred to a Young’s tap NMR followed by addition of the 4-
fluoroaniline (0.010 mL, 0.11 mmol, 1 equiv.). The tube was sealed and after 0.5 h at 25 oC 
1H, 15N and 19F NMR spectra were recorded. The mixture was predominately 13b’ although 
both 13a and 13b are present. In situ data: 1H NMR (C6D6, 400 MHz, 298 K) δ 1.10 (d, 3H, 
3J1H–1H = 6.8 Hz), 1.12 (d, 3H, 
3J1H-1H = 6.8 Hz), 1.19 (d, 3H, 3J1H-1H = 6.8 Hz), 1.48 (d, 3H, 3J1H-1H = 
6.8 Hz), 1.62 (s, 3H), 1.67 (s, 3H), 1.81 (s, 6H), 2.03 (m, 1H), 2.14 (m, 1H), 2.62 (m, 1H), 2.77 
(m, 1H), 2.82 (br s, 1H), 3.12 (hept, 1H, 3J1H-1H = 6.5 Hz), 3.43 (hept, 1H, 3J1H-1H = 6.5 Hz), 4.95 
(s, 1H), 6.29 (m, 2H), 6.84 (m, 2H), 7.18 (m, 3H); 15N NMR (C6D6, 41 MHz, 298 K) δ 29.8, 76.8, 
145.2, 204.4; 19F NMR (C6D6, 300 MHz, 298 K) δ –133.9. 
 Synthesis of [{(MesNCMe)2CH}Al(H)(NH-4-C6H4F)] (14a) 
 
In a glovebox, 12a (0.707 g, 1.95 mmol, 1 equiv.) was weighed out and transferred to a 
Schlenk tube. Dry diethyl ether (10 mL) was added followed by dropwise addition of the 4-
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fluoroaniline (0.184 mL, 1.95 mmol, 1 equiv.). The schlenk was sealed and removed from the 
box, and after 2 h at 25 oC the solvent was removed under reduced pressure. The crude 
reaction mixture was extracted into n-hexane (10 mL), filtered and stored at -20 oC. 
Colourless block crystals of 14a (0.63 g, 1.33 mmol, 68 %) formed overnight and were 
isolated by filtration. 1H NMR (C6D6, 400 MHz, 298 K) δ 1.50 (s, 6H), 2.07 (s, 6H), 2.25 (s, 
12H), 3.12 (s, 1H), 4.03 (br s, 1H), 5.05 (s, 1H), 6.22-6.25 (m, 2H), 6.71 (s, 2H), 6.76 (s, 2H), 
6.80-6.85 (m, 2H); 13C NMR (C6D6, 100 MHz, 298 K) δ 18.8, 19.0, 20.8, 22.5, 97.1, 115.5 (d, 
2J13C-19F = 20.0 Hz), 117.7 (d, 3J13C-19F = 7.0 Hz), 129.7, 130.0, 132.9, 135.0, 135.9, 140.1, 148.8 (d, 
4J13C-19F = 2.0 Hz), 155.0 (d, 1J13C-19F = 230.0 Hz), 170.1; 19F NMR (C6D6, 300 MHz, 298 K) δ -131.6; 
Infrared (solid, cm-1) 2855, 1835, 1607, 1530, 1500, 1388; Elemental analysis calc. for 
C29H35AlFN3 C, 73.86; H, 7.48; N, 8.91; found C, 73.77; H, 7.60; N, 8.81.  
Synthesis of [({2,6-Me2C6H3NCMe)2CH}Al(H)(NH-4-C6H4F)] (14b) 
 
In a glovebox, 12b (1.0 g, 2.99 mmol, 1 equiv.) and 4-fluoroaniline (0.331g, 2.99 mmol, 1 
equiv.) were weighed into separate schlenk tubes. The tubes were sealed and removed from 
the box and attached to a vacuum line. Diethyl ether (15 mL) was added to each tube, the 
solution of the dihyride was warmed gentle to aid dissolution and the solution of the aniline 
was then added via cannula at 25 oC. Gas evolution occurred and the mixture was left to 
settle for 1 h at room temperature then filtered. The filtrate was concentrated to 
approximately 10 mL, the product began crystallizing at 25 oC and following storage at -20 oC 
yielded a colourless crop of crystals. Isolation by filtration gave 14b (0.83 g, 1.92 mmol, 62 
%). 1H NMR (C6D6, 400 MHz, 298 K) δ 1.43 (s, 6H), 2.07 (s, 6H), 2.24 (s, 6H), 3.06 (s, 1H), 5.00 
(s, 1H), 6.18-6.21 (m, 2H), 6.81-6.96 (m, 8H); 13C NMR (C6D6, 75.5 MHz, 298 K) δ 18.9, 19.0, 
22.5, 97.2, 115.6 (d, 2J13C-19F = 22.0 Hz), 117.7 (d, 3J13C-19F = 7.0 Hz), 126.8, 129.9, 129.3, 133.3, 
135.5, 142.8, 148.7, 155.0 (d, 1J13C–19F = 230.0 Hz), 156.2, 170.0; 
19F NMR (C6D6, 300 MHz, 
298 K) δ -131.0; Infrared (solid, cm-1) 2918, 1842, 1817, 1528, 1502, 1375; Elemental 
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analysis calc. for C27H31AlFN3 C, 73.11 %; H, 7.04 %; N, 9.47 %; found C, 73.15 %; H, 6.97 %; 
N, 9.48 %. 
Synthesis of [{(MesNCMe)2CH}Al(H)(NH-2,4,6-C6H2F3)] (14c) 
 
In a glovebox, 12a (0.50 g, 1.38 mmol, 1equiv.) was weighed out and transferred to a 
Schlenk tube. The solid was slurried in n-hexane (25 mL) and 2,4,6-trifluoroaniline (0.20 g, 
1.38 mmol) was added as a solid. The reaction mixture was stirred and gradually became 
homogeneous, after 4 h at 25 oC a colourless precipitate was observed. The mixture was 
stirred for 14 h in total under these conditions and then removed from the glovebox. On a 
vacuum line the solid was isolated by filtration and dried under vacuum and a second crop 
of colourless crystals of 14c was obtained following storage of the mother liquor at -20 oC 
(0.44 g, 0.87 mmol, 64 %). 1H NMR (C6D6, 400 MHz, 298 K) δ 1.51 (s, 6H), 2.08 (s, 6H), 2.11 
(s, 6H), 2.29 (s, 6H), 3.30 (s, 1H), 4.22 (br s, 1H), 5.01 (s, 1H), 6.36-6.40 (m, 2H), 6.69 (s, 2H), 
6.77 (s, 2H); 13C NMR (C6D6, 100 MHz, 298 K) δ 18.0, 19.0, 20.9, 22.7, 98.0, 99.5 (dd, J13C-19F
  = 
26.3 Hz and 26.3 Hz), 127.2 (dt, J13C-19F = 17.5 and 3.7 Hz), 129,9, 130.0, 133.3, 134.3, 136.0, 
151.6 (dt, J13C-19F  = 233.8 Hz and 14.0 Hz), 152.4 (ddd, J13C-19F  = 237.7 Hz, 13.8 Hz and 11.3 Hz), 
170.4; 19F NMR (C6D6, 300 MHz, 298 K) δ –127.7, -128.8; Infrared (solid, cm
-1) 3369, 3005, 
2985, 1817, 1607, 1523, 1507, 1379; Elemental analysis calc. for C29H33AlF3N3 C 68.62 %; H, 
6.55 %; N, 8.28 %; found C, 68.73 %; H, 6.57 %; N, 8.36 %. 
Synthesis of [{(MesNCMe)2CH}Al(H)(NH-C6H5)] (14d) 
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In a glovebox, 12a (0.40 g, 1.1 mmol, 1equiv.) was weighed out and transferred to a Schlenk 
tube. The solid was slurried in n-hexane (25 mL) and aniline (0.20 g, 1.38 mmol) was added 
as by micropipette. Over a period of 3 h the mixture gradually became homogeneous. The 
reaction mixture was stirred for 48 h at 25 oC. The schlenk was removed from the box and 
the solvent removed under reduced pressure, After thorough drying the crude product was 
recrystallised from n-hexane (5 mL) to give 14d as a crystalline colourless solid, isolated as 
two crops (0.194 g, 0.43 mmol, 39 %). 1H NMR (C6D6, 400 MHz, 298 K) δ 1.51 (s, 6H), 2.06 (s, 
6H), 2.12 (s, 6H), 2.27 (s, 6H), 3.32 (s, 1H), 5.09 (s, 1H), 6.50 (d, 2H, J = 8.4 Hz), 6.66 – 6.70 
(m, 3H), 6.76 (s, 2H),  7.18-7.22 (m, 2H); 13C NMR (C6D6, 100 MHz, 298 K) δ 19.0, 19.1, 20.9, 
22.6, 97.3, 115.5, 117.8, 129.4, 129.7, 130.1, 132.9, 135.3, 135.9, 140.3, 152.7, 171.0; 
Infrared (solid, cm-1) 3381, 3009, 2913, 1875, 1603, 1535, 1379; Elemental analysis calc. for 
C29H36AlFN3 C, 76.79 %; H, 8.00 %; N, 9.26 %; found C, 76.68 %; H, 8.13 %; N, 9.15 %. 
6.8.2 Synthesis of Aluminium Hydrido Amides By Catalytic Dehydrocoupling with 
[Y(N{SiMe3}2)3] 
 
Synthesis of [{(MesNCMe)2CH}Al(H){NH-t-Bu}] (15a) 
 
 
In a glovebox, 12a (0.120 g, 0.33 mmol, 1 equiv.) and [Y{N(SiMe3)2}3] (0.009 g, 0.016 mmol, 
0.05 equiv.) were weighed out into a 20 mL  glass scintillation vial. Dry toluene (2 mL) was 
added followed by addition of t-butylamine (0.087 mL, 0.83 mmol, 2.5 equiv.). The vial was 
sealed, and after 2 h at 25 oC the mixture was passed through glass fibre filter paper and the 
solvent was removed under reduced pressure. The crude reaction mixture was extracted 
into n-hexane (3 mL) and stored at -30 oC. Colourless tablet crystals of 15a (0.092 g, 0.21 
mmol, 64 %) formed overnight and were isolated by decanting the solvent, washing with 
cold n-hexane and drying in vacuo. 1H NMR (C6D6, 400 MHz, 298 K) δ 0.56 (d, 1H,
 3J1H-1H = 3.6 
Hz), 1.03 (s, 9H), 1.51 (s, 6H), 2.13 (s, 6H), 2.32 (s, 6H), 2.39 (s, 6H), 4.53 (br s, 1H), 4.84 (s, 
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1H), 6.90 (s, 2H), 6.86 (s, 2H); 13C NMR (C6D6, 100 MHz, 298 K) δ 19.1, 19.3, 21.0, 22.6, 35.6, 
95.9, 129.5, 129.9, 133.4, 133.9, 135.4, 140.9, 168.8; Infrared (solid, cm-1) 2955, 2920, 1788, 
1531, 1448, 1382; Elemental analysis calc. for C27H40AlN3 C, 74.79 %; H, 9.30 %; N, 9.69 %; 
found C, 74.22 %; H, 9.82 %; N, 9.43 %. 
Synthesis of [{(MesNCMe)2CH}Al(H){NH-C10H15}] (15b) 
 
In a glovebox, 12a (0.120 g, 0.33 mmol, 1 equiv.) and [Y{N(SiMe3)2}3] (0.009 g, 0.016 mmol, 
0.05 equiv.) were weighed out into a 20 mL  glass scintillation vial. Dry toluene (2 mL) was 
added followed by addition of the 1-adamantylamine (0.049 g, 0.33 mmol, 1 equiv.). The vial 
was sealed, and after 1 h at 25 oC the mixture was passed through glass fibre filter paper 
and the solvent was removed under reduced pressure. The crude reaction mixture was 
dissolved in toluene and stored at -30 oC. Colourless microcrystals of 15b (0.082 g, 0.16 
mmol, 48 %) formed overnight and were isolated by decanting the solvent, washing with 
cold n-hexane and drying in vacuo. 1H NMR (C6D6, 400 MHz, 298 K) δ 0.36 (d, 1H,
 3J1H-1H = 3.2 
Hz), 1.43 (br t, 6H, 3J1H-1H = 2.8  Hz), 1.47 (br d, 6H, 3J1H-1H = 2.8  Hz), 1.52 (s, 6H), 1.84 (br m, 
3H), 2.13 (s, 6H), 2.37 (s, 6H), 2.40 (s, 6H), 4.52 (br s, 1H), 4.86 (s, 1H), 6.81 (s, 2H), 6.88 (s, 
2H); 13C NMR (C6D6, 100 MHz, 298 K) δ 19.1, 19.5, 21.0, 22.6, 30.9, 37.0, 49.5, 95.9, 129.5, 
129.9, 133.4, 134.1, 135.4, 140.9, 168.8; Infrared (solid, cm-1) 3678, 2905, 2844, 1836, 1609, 
1528, 1450, 1387; Elemental analysis calc. for C33H46AlN3 C, 77.46 %; H, 9.06 %; N, 8.21 %; 
found C, 77.43 %; H, 9.12 %; N, 8.17 %. 
Synthesis of [{(MesNCMe)2CH}Al(H){N-C4H8}] (15c) 
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In a glovebox, 12a (0.120 g, 0.33 mmol, 1 equiv.) and [Y{N(SiMe3)2}3] (0.009 g, 0.016 mmol, 
0.05 equiv.) were weighed out into a 20 mL glass scintillation vial. Dry diethyl ether (3 mL) 
was added followed by addition of the pyrrolidine (0.033 mL, 0.33 mmol, 1 equiv.). The vial 
was sealed, and after 0.5 h at 25 oC the mixture was passed through glass fibre filter paper 
and the solvent was removed under reduced pressure. The crude reaction mixture was 
washed with cold n-hexane to give 15c as a yellow solid (0.094 g, 0.22 mmol, 66 %). 1H NMR 
(C6D6, 400 MHz, 298 K) δ 1.66 (s, 6H), 1.69 (m, 4H), 2.23 (s, 6H), 2.39 (s, 3H), 2.42 (s, 6H), 
3.26 (m, 4H), 4.22 (br s, 1H), 5.07 (s, 1H), 6.88 (s, 2H), 6.93 (s, 2H); 13C NMR (C6D6, 100 MHz, 
298 K) δ 18.2, 19.2, 20.8, 22.4, 26.9, 49.3, 97.0, 129.7, 133.1, 134.2, 135.3, 141.2, 168.7; 
Infrared (solid, cm-1) 3677, 3680, 2955, 2918, 2862, 2790, 1849, 1610, 1527, 1452, 1383; 
Elemental analysis calc. for C27H38AlN3 C, 75.14 %; H, 8.87 %; N, 9.74 %; found C, 74.96 %; H, 
8.75 %; N, 9.63 %. 
Synthesis of [{(MesNCMe)2CH}Al(H){NH-4-C6H4F}] (15d) 
 
In a glovebox, 12a (0.120 g, 0.33 mmol, 1 equiv.) and [Y{N(SiMe3)2}3] (0.009 g, 0.016 mmol, 
0.05 equiv.) were weighed out into a 20 mL  glass scintillation vial. Dry toluene (2 mL) was 
added followed by addition of the N-methyl-4-fluoroaniline (0.040 mL, 0.33 mmol, 1 equiv.). 
The vial was sealed, and after 1 h at 25 oC the mixture was passed through glass fibre filter 
paper and the solvent was removed under reduced pressure by 75 % and stored at -30 oC. 
Yellow microcrystals of 15d (0.117 g, 0.24 mmol, 73 %) formed overnight and were isolated 
by decanting the solvent, washing with cold n-hexane and drying in vacuo. 1H NMR (C6D6, 
400 MHz, 298 K) δ 1.49 (s, 6H), 1.94 (s, 6H), 2.05 (s, 6H), 2.25 (s, 6H), 2.74 (s, 3H), 4.21 (br s, 
1H),  5.12 (s, 1H), 6.59 (m, 2H), 6.66 (s, 2H), 6.75 (s, 2H), 7.04 (m, 2H); 13C NMR (C6D6, 100 
MHz, 298 K) δ 18.7, 19.0, 20.7, 22.4, 35.2, 97.6, 115.4 (d, 2J13C-19F = 21.4 Hz), 116.0 (d, 3J13C-19F = 
6.6 Hz), 129.7, 130.0, 132.8, 134.9, 135.9, 140.3, 151.2, 155.5 (d, 1J13C-19F = 230.6 Hz), 170.0; 
19F NMR (C6D6, 300 MHz, 298 K) δ -131.3; Infrared (solid, cm
-1) 3676, 2921, 2869, 2801, 
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1829, 1611, 1523, 1504, 1378; Elemental analysis calc. for C30H37AlFN3 C, 74.20 %; H, 7.68 %; 
N, 8.65 %; found C, 74.08 %; H, 7.78 %; N, 8.56 %. 
Synthesis of [{(MesNCMe)2CH}Al(H){NH-C6H5}] (15e) 
 
In a glovebox, 12a (0.120 g, 0.33 mmol, 1 equiv.) and [Y{N(SiMe3)2}3] (0.009 g, 0.016 mmol, 
0.05 equiv.) were weighed out into a 20 mL  glass scintillation vial. Dry toluene (2 mL) was 
added followed by addition of the N-methylaniline (0.036 mL, 0.33 mmol, 1 equiv.). The vial 
was sealed, and after 1 h at 25 oC the mixture was passed through glass fibre filter paper 
and the solvent was removed under reduced pressure. The crude reaction mixture was 
dissolved in n-hexane and stored at -30 oC. Yellow microcrystals of 15e (0.105 g, 0.22 mmol, 
68 %) formed overnight and were isolated by decanting the solvent, washing with cold n-
hexane and drying in vacuo. 1H NMR (C6D6, 400 MHz, 298 K) δ 1.52 (s, 6H), 1,99 (s, 6H), 2.04 
(s, 6H), 2.27 (s, 6H), 2.84 (s, 1H), 4.28 (br s, 1H), 5.18 (s, 1H), 6.65 (s, 2H), 6.75 (s, 2H), 6.82 
(m, 3H) 7.37 (d, 2H, 3J1H-1H = 9.0 Hz); 13C NMR (C6D6, 100 MHz, 298 K) δ 18.7, 19.0, 20.7, 22.5, 
34.8, 97.7, 115.6, 116.0, 129.7, 130.0, 132.8, 135.1, 135.8, 140.4, 154.9, 170.0; Infrared 
(solid, cm-1) 3029, 2961, 2793, 1850, 1597, 1526, 1445, 1345; Elemental analysis calc. for 
C30H38AlN3 C, 77.05 %; H, 8.19 %; N, 8.99 %; found C, 76.95 %; H, 8.31 %; N, 9.09 %. 
Synthesis of [{(MesNCMe)2CH}Al(H){NH-Mes] (15f) 
 
In a glovebox, 12a (0.120 g, 0.33 mmol, 1 equiv.) and [Y{N(SiMe3)2}3] (0.009 g, 0.016 mmol, 
0.05 equiv.) were weighed out into a 20 mL glass scintillation vial. Dry diethyl ether (3 mL) 
was added followed by addition of the 2,4,6-trimethylaniline (0.046 mL, 0.33 mmol, 1 
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equiv.). The vial was sealed, and after 1 h at 25 oC the mixture was passed through glass 
fibre filter paper and the solvent was removed under reduced pressure. The crude reaction 
mixture was dissolved in n-hexane and stored at -30 oC overnight. The solution was filtered 
to remove the [Y{N(SiMe3)2}3] which recrystallised and the solvent was removed under 
reduced pressure. The crude reaction mixture was dissolved in pentane and stored at -30 oC. 
Yellow crystals of 15f (0.114 g, 0.23 mmol, 70 %) formed over 3 days and were isolated by 
decanting the solvent, washing with cold pentane and drying in vacuo. 1H NMR (C6D6, 500 
MHz, 298 K) δ 1.49 (s, 6H), 2.01 (s, 6H), 2.09 (s, 6H), 2.19 (s, 3H), 2.20 (s, 6H), 2.31 (s, 6H), 
3.00 (s, 1H), 4.66 (br s, 1H),  4.93 (s, 1H), 6.68 (s, 2H), 6.74 (s, 2H), 6.76 (s, 2H); 13C NMR 
(C6D6, 125 MHz, 298 K) δ 18.7, 19.0, 20.2, 20.6, 20.8, 22.6, 97.2, 123.7, 124.0, 129.6, 129.9, 
133.5, 133.8, 135.8, 140.6, 146.5, 169.8; Infrared (solid, cm-1) 3677, 3344, 2958, 2917, 2855, 
1858, 1610, 1530, 1477, 1427, 1377; Elemental analysis calc. for C32H42AlN3 C, 77.54 %; H, 
8.54 %; N, 8.48 %; found C, 77.39 %; H, 8.60 %; N, 8.67 %. 
Synthesis of [{(MesNCMe)2CH}Al(H){NH-Dipp] (15g) 
 
In a glovebox, 12a (0.120 g, 0.33 mmol, 1 equiv.) and [Y{N(SiMe3)2}3] (0.009 g, 0.016 mmol, 
0.05 equiv.) were weighed out into a 20 mL  glass scintillation vial. Dry toluene (2 mL) was 
added followed by addition of the 2,6-di-iso-propylaniline (0.061 mL, 0.33 mmol, 1 equiv.). 
The vial was sealed, and after 2 h at 25 oC the mixture was passed through glass fibre filter 
paper and the solvent was removed under reduced pressure. The crude reaction mixture 
was dissolved in a toluene/ hexane solution (1:2) and stored at -30 oC. Yellow tablet crystals 
of 15g (0.158 g, 0.29 mmol, 89 %) formed overnight and were isolated by decanting the 
solvent, washing with cold n-hexane and drying in vacuo. 1H NMR (C6D6, 400 MHz, 298 K) δ 
1.07 (d, 12H, 3J1H-1H = 6.8 Hz), 1.45 (s, 6H), 2.10 (s, 6H), 2.20 (s, 6H), 2.30 (s, 6H), 2.59 (hept, 
2H, 3J1H-1H = 6.8 Hz), 3.05 (br s, 1H), 4.70 (br s, 1H), 4.91 (s, 1H), 6.72 (s, 2H), 6.73 (s, 2H), 6.86 
(t, 1H, 3J1H-1H = 7.2 Hz), 7.05 (d, 2H, 3J1H-1H = 7.2 Hz); 13C NMR (C6D6, 100 MHz, 298 K) δ 18.7, 
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19.1, 20.9, 22.7, 24.3, 28.6, 97.4, 117.6, 123.2, 129.8, 130.2, 133.2, 133.8, 135.8, 136.0, 
141.0, 145.8, 169.9; Infrared (solid, cm-1) 3678, 3376, 2954, 2920, 2863, 1816, 1530, 1432, 
1372; Elemental analysis calc. for C35H48AlN3 C, 78.17 %; H, 9.00 %; N, 7.81 %; found C, 78.40 
%; H, 9.11 %; N, 8.00 %. 
Synthesis of [{(MesNCMe)2CH}Al(H){NH-2,5-dit-BuC6H3}] (15h) 
 
In a glovebox, 12a (0.120 g, 0.33 mmol, 1 equiv.) and [Y{N(SiMe3)2}3] (0.009 g, 0.016 mmol, 
0.05 equiv.) were weighed out into a 20 mL  glass scintillation vial. Dry toluene (2 mL) was 
added followed by addition of the 2,5-di-tert-butylaniline (0.068 mL, 0.33 mmol, 1 equiv.). 
The vial was sealed, and after 1 h at 25 oC the mixture was passed through glass fibre filter 
paper and the solvent was removed under reduced pressure. The crude reaction mixture 
was dissolved in a n-hexane solution and stored at -30 oC. Yellow crystals of 15h (0.120 g, 
0.21 mmol, 64 %) formed overnight and were isolated by decanting the solvent, washing 
with cold n-hexane and drying in vacuo. 1H NMR (C6D6, 400 MHz, 298 K) δ 1.28 (s, 9H), 1.47 
(s, 9H), 1.58 (s, 6H), 2.07 (s, 6H), 2.13 (s, 6H), 2.31 (s, 6H), 3.84 (s, 1H), 4.20 (br s, 1H), 5.19 (s, 
1H), 6.67 (d, 1H, 3J1H-1H = 2 Hz), 6.73 (m, 3H), 6.78 (s, 2H), 7.23 (d, 1H, 3J1H-1H = 8.0 Hz); 13C 
NMR (C6D6, 100 MHz, 298 K) δ 18.9, 19.0, 20.8, 22.5, 29.9, 31.8, 33.7, 34.3, 98.2, 112.3, 
118.2, 126.2, 129.7, 129.9, 132.9, 135.3, 135.9, 140.4, 148.5, 150.0, 170.0; Infrared (solid, 
cm-1) 3444, 2951, 2908, 2868, 1835, 1612, 1530, 1388; Elemental analysis calc. for 
C37H52AlN3 C, 78.54 %; H, 9.26 %; N, 7.43 %; found C, 78.45 %; H, 9.36 %; N, 7.37 %. 
Synthesis of [{(DippNCMe)2CH}Al(H)(NH-4-C6H4F)] (15i) 
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In a glovebox, 12c (0.147 g, 0.33 mmol, 1 equiv.) and [Y{N(SiMe3)2}3] (0.009 g, 0.016 mmol, 
0.05 equiv.) were weighed out into a 20 mL glass scintillation vial. Dry diethyl ether (3 mL) 
was added followed by addition of the 4-fluoroaniline (0.032 mL, 0.33 mmol, 1 equiv.). The 
vial was sealed, and after 1 h at 25 oC the mixture was passed through glass fibre filter paper 
and the solvent was removed under reduced pressure. The crude reaction mixture was 
washed with cold n-hexane to give 15i as a pale yellow solid (0.095 g, 0.17 mmol, 52 %). 1H 
NMR (C6D6, 400 MHz, 298 K) δ 0.94 (d, 6H,
 3J1H-1H = 6.8 Hz), 1.01 (d, 6H, 3J1H-1H = 6.8 Hz), 1.13 
(d, 6H, 3J1H-1H = 6.8 Hz, CHMe2), 1.42 (d, 6H,
 3J1H-1H = 6.8 Hz), 1.53 (s, 6H), 3.07 (hept, 2H, 3J1H-1H 
= 6.8 Hz), 3.09 (s, 1H), 3.35 (hept, 2H, 3J1H-1H = 6.8 Hz), 4.03 (br s, 1H),  5.02 (s, 1H), 6.14 (br m, 
2H), 6.83 (m, 2H), 7.08-7.18 (m, 6H); 13C NMR (C6D6, 100 MHz, 298 K) δ 23.2, 24.2, 24.7, 
25.0, 27.7, 29.0, 97.3, 115.0 (d, 2J13C-19F = 21.7 Hz), 117.6 (d, 3J13C-19F = 10.4 Hz), 124.4, 124.9, 
139.8, 143.6, 146.1, 148.3, 155.0 (d, 1J13C-19F = 230.1 Hz), 170.5;  19F NMR (C6D6, 300 MHz, 298 
K) δ -131.2; Infrared (solid, cm-1) 3364, 3064, 2959, 2928, 2868, 1856, 1525, 1504, 1439, 
1384; Elemental analysis calc. for C35H47AlFN3 C, 75.64 %; H, 8.52 %; N, 7.56 %; found C, 
75.42 %; H, 8.69 %; N, 7.71 %.  
Synthesis of [{(DippNCMe)2CH}Al(H)(NH-Dipp)] (15j) 
 
In a glovebox, 12c (0.147 g, 0.33 mmol, 1 equiv.) and [Y{N(SiMe3)2}3] (0.009 g, 0.016 mmol, 
0.05 equiv.) were weighed out into a 20 mL glass scintillation vial. Dry toluene (3 mL) was 
added followed by addition of the 2,6-di-iso-propylaniline (0.062 mL, 0.33 mmol, 1 equiv.). 
The vial was sealed, and after 15 h at 25 oC the mixture was passed through glass fibre filter 
paper and the solvent was removed under reduced pressure. The crude reaction mixture 
was dissolved in a toluene/hexane mixture (1:2) and stored at -30 oC. Pale yellow 
microcrystals of 15j (0.179 g, 0.29 mmol, 87 %) formed overnight and were isolated by 
decanting the solvent, washing with cold n-hexane and drying in vacuo.  1H NMR (C6D6, 400 
MHz, 298 K) δ 1.01 (d, 12H, 3J1H–1H = 6.8 Hz), 1.11 (d, 6H,
 3J1H-1H = 6.8 Hz), 1.12 (d, 6H, 3J1H–1H = 
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6.8 Hz), 1.18 (d, 6H, 3J1H-1H = 6.8 Hz), 1.31 (d, 6H, 3J1H-1H = 6.8 Hz), 1.53 (s, 6H), 2.49 (hept, 2H, 
3J1H-1H = 6.8 Hz), 3.01 (s, 1H), 3.36 (2H, m), 4.54 (br s, 1H, AlH),  4.96 (s, 1H), 6.82 (t, 1H), 7.03-
7.13 (m, 8H); 13C NMR (C6D6, 100 MHz, 298 K) δ 23.5, 24.5, 24.5, 24.6, 24.7, 25.2, 28.4, 28.6, 
28.8, 97.0, 117.5, 123.1, 124.6, 125.1, 127.7, 129.3, 135.5, 140.7, 144.0, 144.6, 145.4, 170.6. 
[Lit: 1H NMR (C7D8, 300 MHz, 298 K) δ 0.95 (d, 12H,
 3J1H-1H = 6.8 Hz, CHMe2), 1.10 (d, 6H,
 3J1H-1H 
= 6.8 Hz, CHMe2), 1.11 (d, 6H,
 3J1H-1H = 6.8 Hz, CHMe2), 1.13 (d, 6H,
 3J1H-1H = 6.8 Hz, CHMe2), 
1.26 (d, 6H, 3J1H-1H = 6.8 Hz, CHMe2), 1.55 (s, 6H, ArMe), 2.43 (hept, 2H,
 3J1H-1H = 6.8 Hz, 
CHMe2), 2.93 (s, 1H, NH), 3.32 (hept, 2H,
 3J1H-1H = 6.8 Hz, CHMe2), 4.97 (s, 1H, CHMe2), 5.50 
(br, 1H, AlH), 6.69-6.72, 6.92-7.10 (m, 9H, ArH); 13C NMR (C7D8, 126 MHz, 298 K) δ 23.4, 
24.4, 24.5, 24.6, 24.7, 25.2, 28.4, 28.7, 28.9, 97.9, 117.5, 123.0, 124.6, 125.0, 125.6, 128.2, 
128.5, 129.2, 129.3, 135.4, 137.5 140.7, 144.0, 144.5, 145.3, 170.6.]176  
Synthesis of 16 
 
In a glovebox, 14a (0.065 g, 0.15 mmol) and 3 (0.100 g, 0.15 mmol) were weighed out into a 
20ml glass scintillation vial. Dry toluene (3 mL) was added and the solution was transferred 
to a Schlenck ampoule. The flask was sealed, and after 24 h at 80 oC the mixture was passed 
through glass fibre filter paper and the solvent was removed under reduced pressure. The 
resulting orange oil was dissolved in a n-hexane solution and stored at -30 oC. Yellow 
microcrystalline crystals of 16 (0.049 g, 0.04 mmol, 28 %) formed overnight and were 
isolated by decanting the solvent, washing with cold n-hexane and drying in vacuo. 1H NMR 
(C6D6, 500 MHz, 298 K) δ -0.75 (d, 1H, 
2J1H-1H = 12.0 Hz), -0.44 (d, 1H, 2J1H-1H = 12.0 Hz), 0.03 (s, 
3H), 0.27 (s, 9H), 0.30-0.40 (br, 18H), 0.27 (br, 2H), 1.43 (s, 3H), 1.46 (s, 3H), 1.90 (s, 3H), 
2.09 (s, 3H), 2.15 (s, 3H), 2.25 (s, 3H), 2.27 (s, 3H), 2.29 (s, 3H), 5.16 (s 1H), 5.91 (s, 1H), 6.78 
(d, 2H, 3J1H-1H = 9.0 Hz), 6.90 (s, 1H), 7.02-7.07 (m, 9H), 7.22-7.24 (m, 4H), 7.27-7.31 (m, 6H); 
13C NMR (C6D6, 125 MHz, 298 K) δ -0.6, 6.1, 7.0, 7.4, 8.7 (dd, 
1J13C-31P = 2J13C-89Y = 32.5 Hz), 18.8, 
19.0, 20.4, 20.9, 20.9, 23.1, 23.2, 98.3, 115.4 (d, 2J13C-19F = 20.4 Hz), 122.8 (d, 3J13C-19F = 6.4 Hz), 
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128.9 (d, 2J13C-31P = 11.8 Hz), 129.4 (d, 2J13C-31P = 8.1 Hz), 129.7, 130.1, 132.2, 132.2, 132.3, 132.7, 
132.8, 133.7, 134.6, 134.7, 135.0, 135.1, 141.7, 143.2, 154.4 (d, 1J13C-19F = 229.9 Hz), 157.1, 
167.9, 169.8; 19F NMR (C6D6, 470 MHz, 298 K) δ -132.99; 
31P NMR (C6D6, 202 MHz, 298 K) δ 
+32.56; 29Si NMR (C6D6, 99 MHz, 298 K) δ -8.67, -11.56, -13.58; Due to the air sensitive 
nature of this compound repeated attempts to acquire satisfactory CHN failed. 
6.9 Synthesis of -Complexes of Copper 
Modified Synthesis of 172.toluene:
3 
 
In a glovebox, [CuMes]n (n = 4,5) (1.13 g, 6.2 mmol, 1.2 equiv.) was dissolved in toluene (40 
mL). The proligand was added to the reaction mixture as a solid (2.0 g, 5.18 mmol, 1 equiv.). 
Upon addition the mixture turned bright yellow. The mixture was stirred for 2 d at 25 oC and 
then allowed to stand. The solvent volume was reduced to ca. 10 mL upon which point 
crystallization of a colourless solid was observed. n-Hexane (15 mL) was added to the 
mixture to precipitate the product. The solid was isolated, washed with a further 5 mL of n-
hexane and dried to give 172.toluene as a yellow solid  (1.20 g, 1.21 mmol, 46 %). 
1H NMR 
(C6D6, 500 MHz, 298 K)  1.71 (s, 6H), 2.11 (s, 1.5 H), 4.84 (s, 1H), 6.46 (t, 2H, 
3J1H-1H = 8.0 Hz), 
7.01-7.16 (m, 9H); 13C NMR (C6D6, 125 MHz, 298 K)  21.4, 23.0, 94.6, 123.8, 125.6, 128.1, 
128.5, 129.3, 130.8, 137.8, 147.2, 164.2; Elemental analysis calc. for C41H34Cl8Cu2N4: C, 49.57 
%; H, 3.45 %; N, 5.64 %. Found C, 49.86 5; H, 3.69 %; N, 5.49 %. 
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Synthesis of 18a 
 
In a glovebox, 172.toluene (0.126 g, 0.127 mmol) was weighed into a vial and dissolved in 
toluene (2.5 mL). 12a (0.100 g, 0.276 mmol) was weighed into a separate vial and dissolved 
in n-hexane/toluene (3:1, 1.8 mL: 0.7 mL). The solution containing the copper complex was 
cooled to -35 °C, after 1 h, the solution containing the alane was added drop-wise to the 
stirred reaction mixture. The reaction mixture was allowed to warm to 25 oC and stirred for 
30 min at this temperature. It was then stored at -35 °C overnight. A yellow precipitate was 
observed, the solid was isolated by filtration and dried under vacuum to give 2 as a yellow 
solid (0.137 g, 0.168 mmol, 66 %). Due to the fast-exchange equilibrium observed in solution 
the following data represent a time average of 18a, 12a and 17.arene. 1H NMR (C6D6, 298 K, 
400 MHz) δ 1.36 (s, 6H), 1.71 (s, 6H), 2.09 (s, 6H), 2.20 (s, 6H), 4.66 (s, 1H), 4.89 (s, 1H), 6.51 
(t, 2H, 3J1H-1H 8.0 Hz), 6.87 (s, 1H), 7.13 (d, 4H, 3J1H-1H 8.0 Hz); 13C NMR (C6D6, 298 K, 100 MHz) 
 18.7, 21.0, 22.0, 23.2, 95.2, 96.3, 123.2, 127.8, 128.4, 130.1, 131.1, 133.3, 136.0, 139.0, 
164.0, 170.0; Infrared (solid, cm-1) 1851; Elemental analysis calc. for C40H44AlCl4CuN4: C, 
59.08 %; H, 5.45 %; N, 6.89 %. Found C, 58.86 %; H, 5.68 %; N, 6.89 %.  
Synthesis of 18b 
 
In a glovebox, 172.toluene (0.64 g, 0.644 mmol) was weighed into a vial and dissolved in 
toluene (2.5 mL). Similarly 13a (0.50 g, 1.38 mmol) was weighed and dissolved in toluene 
(2.5 mL). The solution containing the copper complex was cooled to -35 °C, after 1 h, the 
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solution containing the alane was added drop-wise to the stirred reaction mixture. The 
reaction mixture was allowed to warm to 25 oC and stirred for 30 min at this temperature. It 
was then stored at -35 °C overnight. The off-yellow solution was pass through a glass filter 
and reduced to half of its volume under vacuum. n-Hexane (5 mL) was added to the 
solution. The solution was stored at -35 °C overnight. The crystallization of a greenish yellow 
crystalline solid was observed. The solid was isolated by decanting the mother liquor and 
then dried under vacuum to give greenish yellow crystals of 18b (0.96 g, 1.19 mmol, 92 %). 
Due to dynamic exchange in solution the following data are taken from a mixture of 18b, 
13a, and 17.arene by comparison against genuine samples of the latter two species. 1H NMR 
(C6D6, 298 K, 400 MHz) δ 1.23 (d, 6H, 
3J1H-1H = 6.4 Hz), 1.47 (s, 3H), 1.49 (s, 6H), 1.55 (s, 3H), 
1.83 (s, 6H), 1.89 (s, 6H) 2.08 (t, 2H, 3J1H-1H 6Hz), 2.59 (t, 2H, 3J1H-1H = 6Hz), 3.13 (hept, 2H,
 3J1H-1H 
= 6Hz), 4.23 (s, 1H), 5.01 (s, 1H), 6.39 (t, 2H, 
3J1H-1H = 8.0 Hz), 7.04 (d, 4H, 
3J1H-1H = 8.0 Hz), 7.19 
– 7.25 (m, 3H); 13C NMR (C6D6, 298 K, 100 MHz)  22.8, 23.7, 23.9, 24.8, 26.0, 28.5, 43.64, 
43.75, 55.0, 95.47, 98.3, 122.8, 124.0, 127.4, 128.2, 128.2, 131.0. 143.8, 149.5, 164.3, 167.0, 
168.8; Infrared (solid, cm-1) 1820; Elemental analysis calc. for C38H49AlCl4CuN5: C, 56.47 %; H, 
6.11 %; N, 8.67 %. Found C, 56.53 %; H, 6.16 %; N, 8.73 %. 
Synthesis of 18c 
 
In a glovebox, 172.toluene (0.101 g, 0.102 mmol) was weighed into a vial and dissolved in 
toluene (2 mL). Similarly 12d (0.100 g, 0.204 mmol) was weighed and dissolved in toluene 
(1.5 mL). The solution containing the copper complex was cooled to -35 °C, after 1 h, the 
solution containing 12d was added drop-wise to the stirred reaction mixture. The reaction 
mixture was allowed to warm to 25 oC and stirred for 30 min at this temperature. It was 
then stored at -35 °C overnight. The green/yellow solution was filtered using a glass filter 
and reduced to half of its volume under vacuum. n-Hexane (5 mL) was added to the 
solution. The solution was stored at -35 °C overnight. The crystallization of a greenish yellow 
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crystalline solid was observed. The solid was isolated by decanting the mother liquor, 
washing with cold n-hexane (2 x 0.5 mL) and then dried under vacuum to give greenish 
yellow crystals of 18c (0.140 g, 0.150 mmol, 71 %). Due dynamic exchange in solution the 
following data are taken from a mixture of 18c, 12d, and 17.arene by comparison against 
genuine samples of the latter two species. 1H NMR (C6D6, 298 K, 400 MHz) δ 1.16 (d, 12H, 
3J1H-1H = 6.8 Hz), 1.25 (d, 12H, 
3J1H-1H = 6.8 Hz), 1.68 (s, 6H), 1.71 (s, 6H), 3.18 (hept, 4H,
 3J1H-1H = 
6.8Hz), 4.85 (s, 1H, CH), 5.02 (s, 1H), 6.45 (t, 2H, 3J1H-1H = 8.0 Hz), 7.09 (d, 4H, 
3J1H-1H = 8.0 Hz), 
7.11 – 7.15 (m, 3H); 13C NMR (C6D6, 298 K, 125 MHz) δ; 23.2, 23.5, 24.8, 28.4, 94.7, 96.1, 
123.9, 126.2, 128.1, 130.8, 141.8, 144.5, 164.3, 168.1. 1H NMR (C7D8, 223 K, 500 MHz) δ -
0.58 (s, 1H), 1.10 (d, 12H, 3J1H-1H = 6.5 Hz), 1.22 (d, 12H, 
3J1H-1H = 6.5 Hz), 1.50 (s, 6H), 1.63 (s, 
6H), 3.07 (hept, 4H, 3J1H-1H = 6.5Hz), 4.87 (s, 1H), 5.00 (s, 1H), 6.20 (t, 2H, 
3J1H-1H = 8.0 Hz), 6.83 
(d, 4H, 3J1H-1H = 8.0 Hz), 6.94 – 7.07 (m, 3H); 
13C NMR (C7D8, 223 K, 125 MHz) δ 23.6, 23.9, 
24.1, 25.3, 28.3, 97.4, 98.1, 123.6, 124.1, 128.3, 130.0, 142.1, 143.6, 147.8, 164.4, 168.4; 
Elemental analysis calc. for C46H55Cl4CuN4Zn: C, 59.11 %; H, 5.93 %; N, 5.99 %. Found C, 
58.79 %; H, 6.18 %; N, 5.69 %. 
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6.10 DOSY Experiments 
Radii and Diffusion Coefficients for 172.benzene, 17.toluene, 17.cyclohexene, 12a, 13a, 12d, 
18a, 18b, 18c 
Complex 
Calculated 
Radius from  
X-ray Data / Å 
Experimental 
Hydrodynamic Radius 
/ Å 
Diffusion Coefficient 
/ m2 s-1 x 10-9 
17.toluene – 4.1 0.989 
172.benzene 5.3 – – 
17.cyclohexene 4.5 4.2 0.967 
12a 4.3 4.3 0.944 
13a 4.4 4.2 0.967 
12d 4.6 4.3 0.948 
18a 5.3 5.2 0.778 
18b 5.3 5.2 0.775 
18c 5.5 4.6 0.877 
All DOSY experiments were performed on 37 mM toluene-d8 solutions at 303K. 16 scans 
varying from 2 – 95 % of the maximum gradient (53.5 Gauss cm-1 A-1) were collected on a 
Bruker 500 MHz machine. Diffusion coefficients were extracted using the SCORE function 
within DOSY Toolbox.282 Solid state radii were found using Olex 2.276  
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6.11 DFT Studies 
Computational Methods Calculations were conducted in Gaussian09 by Dr. Mark 
Crimmin.283 All minima were confirmed by frequency calculations and solid-state data were 
used as an input for the atom coordinates. NBO calculations were run using NBO v5.9 within 
g09. A series of basis sets and functionals were investigated for the optimised structures of 
18a – 18c, in all cases the geometries were compared against the solid-state data, following 
these studies an m062x functional and hybrid basis set 6,31G+(d,p) (C,H,N,Cl,Cu) and 
Lanl2DZ (Al,Zn) was employed. Bader analysis was conducted on optimised geometries in 
the AIMALL package.284  
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6.12 X-ray Crystallographic Data  
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Appendix 
Appendix 1 – List of all numbered compounds 
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Appendix 2 – Amine-silane dehydrocoupling with 5 mol% 3 
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Appendix 3 – The crystal structure of cis-10 
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Appendix 4 – 1H-15N HMBC NMR data for 13b’ and 13b 
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Appendix 5 – Multinuclear NMR data for 16  
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